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CHAPTER  IX 


TYPICAL  SCHEMES  FOR  LIQUID-PROPELLANT  ROCKET  ENGINES  [LPRE] 

S9.1.  Features  of  LPRE  schemes 

Liquid-propellant  rocket  engines  with  a  diapl'aoement  ay  stem  of 
feeding  propellant  to  the  chamber  can  be  subdivided,  based  on  the 
method  of  producing  the  displacing  gas,  into  engines  with  compressed- 
gas  accumulators,  with  liquid  gasifiers,  and  with  solid- fuel  gasi¬ 
fiers  (see  Chapter  VIII).  The  simplest  scheme  of  one  such  LPRE  was 
examined  in  §1.2;  they  will  be  described  in  detail  in  Chapter  XIII. 

LPRE’s  with  a  pump  ayatem  of  propellant  feed  are  classified  ac¬ 
cording  to  the  aggregate  state  of  the  propellant  components  entering 
the  chamber  and  by  the  features  of  removal  of  the  working  medium 
after  it  lias  operated  in  the  turbine ;  often  the  working  medium  is 
generator  gaa ,  i.e.,  it  is  generated  in  a  gasifier. 

As  will  be  shown  below,  it  Is  desirable  to  design  an  engine  such 
that  it  operates  without  th''  use  of  additional  propellant  components. 
Therefore,  in  what  follows  we  will  examine  only  those  schemes  for 
LPRE's  whose  turbines  operates  on  gas  obtained  from  one  or  two  basic 
propellant  components.  Usually,  the  chamber  is  cooled  by  the  fuel; 
this  is  taken  into  consideration  in  all  the  schemes  examined  in  this 
chapter. 
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LPRE's  with  exhausting  of  spent  generator  gas  to  the  ambient 
medium  (Pig.  9.1).  The  oxidizer  and  fuel  enter  the  combustion 
chambers  of  such  engines  in  the  liquid  state,  i.e.,  the  engine  oper¬ 
ates  on  the  scheme  "liquid-liquid,"  while  the  spent  generator  gas  is 
exhausted  through  the  nozzle  of  the  exhaust  pipe  of  the  turbine  to 
the  ambient  medium.  Exhausting  of  this  gas  reduces  the  specific 
thrust  of  the  engine.  Although  the  nozzle  of  the  turbine  exhaust 
pipe,  as  already  noted  above,  develops  a  certain  thrust,  its  specific 
thrust,  because  of  the  low  temperature  of  the  generator  gas  and  its 
low  expansion  ratio,  is  comparatively  low.  In  the  examined  LPRE 
scheme,  the  generator  gas  is  products  of  the  incomplete  combustion 
of  a  two-component  propellant  containing  a  large  excess  of  oxidizer 
(<*  1)  or  fuel  («„  <<  1).  A  liquid  gasifier  operating  with 

aQH  >>  1  is  called  an  oxidizing  gasifier ,  while  one  operating  with 
aQH  <<  1  is  called  a  reducing  gasifier. 

An  LPRE  with  feed  of  the  spent  generator  gas  to  the  combustion 
(afterburner)  chamber.  In  such  LPRE's  the  gas  passing  through  the 
turbine  is  directed  along  the  ga\  guide  to  the  chamber  as  one  of 
the  basic  propellant  components;  engines  can  operate  on  the  "gas- 
liquid"  and  "gas-gas"  schemes.  Their  common  feature  is  high  gas  pres¬ 
sure  at  the  turbine  exit:  it  exceeds  pressure  pu  by  the  value  of  the 
hydraulic  losses  in  the  gas  guide  and  the  pressure  differential  in 
the  gas  injectors  of  the  chamber. 

In  addition  to  the  generator  gas  generated  in  a  one-  or  two-com¬ 
ponent  liquid  gasifier,  the  working  fluid  of  the  turbine  may  be  the 
gas  that  forms  as  a  result  of  heating  of  one  of  the  basic  propellant 
components  (e.g. ,  hydrogen)  in  the  chamber's  cooling  loop. 

An  LPRE  with  a  one-component  liquid  gasifier  can  be  created  if 
one  of  the  basic  propellant  components  can  decompose  with  the  re¬ 
lease  of  heat. 

Let  us  examine  the  scheme  of  an  LPRE  in  which  the  working  fluid 
of  the  turbine  is  the  products  of  decomposition  of  the  oxidizer  (e.g.. 
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Pig.  9.1.  LPRE  with  ex¬ 
hausting  of  spent  generator 
gas  to  ambient  medium. 


with  oxidizing  eingle- 
component  liquid  gasifier. 


Pig.  9*3.  IP RE  operating 
on  the  scheme  "gu-llquld" 
with  oxidising  two-com¬ 
ponent  liquid  gasifier. 


fig.  9.4.  LPRE  operating 
on  the  scheme  ’’gas-llquld" 
with  reducing  two-compo¬ 
nent  liquid  gasifier. 


Fig.  9.5.  LPRE  operating  - 
on  the  scheme  "gas-llquld" 
with  gaalfloation  or 
working  fluid  of  turbine 
In  chamber  cooling  loop 


Pig.  9.6.  LPRE  operating  on  the  seheae  "gaa-  pig.  9.7.  ipre  with  In¬ 
gas":  1  -  afterburner  section  2.  t  -  *»»  troductlon  of  working 

guides  1  1  -  turbine  of  oxldlrer  TPAt  *  -  oal-  fluid,  after  operation 

Steer  peeps  S  -  oxidising  liquid  gselflnrs  In  the  turbine.  Into  the 
7  -  turbine  of  fuel  tPA;  8  •  rnduelng  liquid  expending  pert  of  the 
gnnlftnrt  ♦  -  fuel  pump.  noatle. 
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hydrogen  peroxide  H202)  (Pig.  9-2).  The  total  oxidizer  flow  is  fed 
to  the  gasifier  of  such  an  engine.  The  gaseous  decomposition  pro¬ 
ducts  that  forn  enter  the  turbine  and  then,  along  the  gas  guide,  to 
the  combustion  chamber.  The  fuel  flows  through  the  cooling  loop  of 
the  chamber,  cooling  it,  and  then,  in  the  liquid  state,  enters  the 
combustion  chamber.  The  gasifier  of  such  an  engine  is  an  oxidizing 
gasifier. 

It  is  possible  to  use  LPRE's  with  a  one-component  reducing  liquid 
gasifier \  here  the  liquid  oxidizer  and  the  combustion  products  of  the 
fuel  (e.g.,  ammonia  NH^  or  hydrazine  NgH^)  are  fed  to  the  combustion 
chamber. 

In  an  LPRE  with  an  oxidizing  two-component  liquid  gaeifier  (Pig. 
9-3),  the  total  flow  of  oxidizer  from  the  pump  and  a  relatively  small 
part  of  the  fuel  are  fed  to  the  gasifur;  the  main  portion  of  the 
fuel  flows  along  the  cooling  loop  and  enteri  the  chamber  in  liquid 
form;  unlike  the  above-examined  schemes,  this  is  an  afterburner 
chamber.  Therefore,  such  LPRE's  are  called  engines  with  afterburning 
of  the  generator  gae. 

These  also  include  LPRE's  with  a  reducing  two-component  liquid 
gasifier  (Pig.  9. 4);  the  chamber  of  such  an  engine  is  fed  the  spent 
reducing  generator  gas  and  the  liquid  oxidizer,  while  to  the  liquid 
gasifier  is  fed  the  total  flow  of  fuel  (after  passing  through  the 
cooling  loop  of  the  chamber)  and  a  relatively  small  amount  of  oxi¬ 
dizer. 

Since  the  pressure  in  the  liquid  gasifiers  of  these  examined 
engines  is  greater  than  pressure  pu ,  the  pressure  of  that  part  of 
the  propellant  component  directed  to  the  liquid  gasifier  should  be 
greater  than  that  of  the  basic  portion  of  component  fed  directly  to 
the  chamber.  For  this  purpose,  behind  the  main  pump  (the  first- 
stage  pump)  an  auxiliary  ("booster")  pump,  also  called  the  second- 
stage  pump,  is  Installed  (see  Pigs.  9.3  and  9.4). 
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Let  us  compare  LPRE's  with  oxidizing  and  reducing  liquid  gasi¬ 
fiers.  Usually,  for  two-component  LPRE's  the  coefficient  m  is  greater 
than  one,  i.e.,  the  flow  of  oxidizer  is  greater  than  that  of  the  fuel. 
The  available  turbine  power,  as  will  be  shown  in  13*13*  depends  on 
the  gas  flow  through  the  turbine  and  on  the  product  RT  of  the  indi¬ 
cated  gas.  Therefore,  from  the  standpoint  of  gas  flow  to  drive  the 
turbine,  LPRE's  with  oxidizing  liquid  gasifiers  have  an  advantage 
over  those  with  reducing  liquid  gasifiers.  However,  the  oxidizing 
gas,  having  a  high  temperature,  has  a  strong  oxidizing  influence  on 
the  structural  materials;  therefore,  its  temperature  must  be  lowered. 
On  the  whole,  however,  it  is  more  advantageous  to  use  an  oxidizing 
liquid  gasifier  in  an  LPRE. 

The  product  RT  of  the  reducing  liquid  gasifier  gas  of  hydrogen 
LPRE's  has  a  high  value  because  of  the  high  gas  constant  of  hydrogen; 
therefore,  in  these  it  is  more  advisable  to  use  a  reducing  liquid 
gasifier. 

LPRE 'a  with  gasification  of  the  working  fluid  of  the  turbine  in 
the  chamber  cooling  loop  can  be  created  if  liquid  hydrogen  is  used 
as  the  fuel.  Here  it  is  not  necessary  to  have  a  liquid  gasifier, 
which  simplifies  the  engine  scheme. 

One  possible  scheme  for  such  an  engine  is  shown  in  Pig,  9.5. 
Liquid  hydrogen  passes  through  two  pumps  in  succession,  after  which 
it  enters  the  chamber  cooling  loop.  The  gaseous  hydrogen  formed  is 
directed  to  the  turbine  and  then,  along  the  gas  guide,  to  the  com¬ 
bustion  chamber.  The  cx'dizer  (e.g.,  LOX)  is  fed  to  the  chamber  by 
the  pump;  this  pump  car  oe  on  a  separate  shaft  and  driven  using  a 
gear  from  the  shaft  containing  the  two  hydrogen  pumps  and  the  turbine. 

An  outstanding  feature  of  such  LPRE's  is  the  low  temperature  of 
the  ga3  at  the  turbine  inlet,  approximately  200-275°K.  In  engines 
with  liquid  gasifiers  this  temperature  is  substantially  higher 
(*800-1075°K). 
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A  disadvantage  of  LPRE's  with  gasification  of  the  working  fluid 
of  the  turbine  in  the  chamber  cooling  loop  is  the  relatively  low 
pressure  p  (40-50  bars  040-50  kgf/cm2]). 

In  LPRE's  operating  on  the  "gas-gas"  scheme  (Pig.  9*6),  both 
propellant  components  are  used  completely  to  drive  the  turbopump 
assemblies  [TPA's],  while  in  LPRE's  operating  on  the  "gas-liquid" 
scheme,  one  of  the  components  is  either  not  used  at  all  or  only  a 
small  part  of  it  is  used  for  this  purpose. 

LPRE's  operating  on  the  scheme  "gas-gas"  have  two  TPA's  and 
two  liquid  gasifiers  each.  The  combustion  products  of  reducing 
liquid  gasifier  8  serve  as  the  working  fluid  of  turbine  7  of  the 
fuel  TPA;  from  the  turbine  it  is  fed  along  gas  guide  6  to  after¬ 
burner  chamber  1.  Similarly,  the  combustion  products  of  the  oxi¬ 
dizing  liquid  gasifier  enter  turbine  3  of  the  oxidizer  TPA  and  then, 
along  gas  guide  2,  also  to  the  afterburner  chamber. 

Pump  9  feeds  the  main  portion  of  the  fuel  to  the  reducing  liquid 
gasifier,  and  the  rest  to  the  oxidizing  gasifier.  Prom  pump  4  the 
main  part  of  the  oxidizer  enters  the  oxidizing  liquid  gasifier,  while 
the  rest  goes  to  the  reducing  gasifier. 

As  can  be  seen,  LPRE's  operating  on  the  scheme  "gas-gas"  are 
engines  with  afterburning  of  the  generator  gases  in  the  chamber. 

Such  LPRE's  can  have  higher  pressure  of  the  combustion  products  in 
the  afterburner  chamber  as  compared  with  LPRE's  operating  on  the 
scheme  "gas-liquid,"  or  identical  high  pressure  in  the  afterburner 
chamber  with  lower  required  pressures  of  the  propellant  components 
at  the  exit  from  the  pumps . 

An  LPRE  with  input  of  working  fluid ,  after  operation  in  the 
turbine ,  to  the  expanding  part  of  the  nonule  (Pig.  9*7).  If  the 
engines  operates  on  the  scheme  "liquid- liquid,"  but  the  working 
fluid,  after  operation  in  the  turbine,  is  not  sent  to  the  ambient 
medium  but  to  the  expanding  part  of  the  nozzle,  the  specific  impulse 
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of  the  engine  increases;  however,  it  is  less  than  that  of  LPRE’s 
operating  on  the  scheme  "gas-liquid*'  or  "gas-gas."  An  example  of 
an  engine  with  introduction  of  the  working  fluid,  after  operation  in 
the  turbine,  into  the  expanding  part  of  the  nozzle  is  the  P-1  engine 
of  the  first  stage  of  the  American  Saturn-5  booster. 

A  power  plant  with  an  LPRE  includes  systems,  units,  and  assem¬ 
blies  to  assure  the  following: 

a)  disposition  and  storage  of  the  liquid  propellant  components 
(tanks) ; 

b)  propel 3 ant  feed  t.o  the  chamber; 

c)  engine  start-up; 

d)  propellant  ignition  (for  engines  with  nonhypergolic  pro¬ 
pellant)  ; 

e)  chamber  cooling; 

f)  change  of  engine  operating  mode; 

g)  creation  of  forces  and  moments  for  rocket  vehicle  flight 
control; 

h)  engine  shutdown. 

Certain  systems  are  in  many  ways  similar  for  various  heat 
rocket  engines,  while  certain  are  similar  for  all  types  of  rocket 
engines.  For  example,  to  create  forces  for  controlling  the  flight 
of  a  rocket  vehicle  any  type  of  engine,  including  electric,  can  be 
tilted  a  certain  angle,  which  causes  a  corresponding  deflection  of 
the  reaction  jet. 

The  systems  for  feeding  the  liquid  propellant  components  to 
power  plants  with  LPRE's  (see  Chapter  XIII),  other  heat  rocket  en¬ 
gines,  and,  in  particular,  electric  engines,  are  also  analogous. 

All  types  of  rocket  engines  with  relatively  high  temperature  of 
the  combustion  and  decomposition  products  and  heating  or  plasma  tem- 
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peratures  have  a  cooling  system,  i.e.,  a  system  for  removing  the 
heat  flows  that  enter  the  chamber  walls. 

The  operating  mode  of  most  rocket  engines  is  changed  by  changing 
the  flow  of  working  fluid  (for  chemical  rocket  engines  -  by  changing 
the  flow  of  the  propellant  components). 

§9.2  Selecting  optimum  pressure  p 

K 

In  §2.4  it  was  shown  that  to  obtain  a  high  velocity  character¬ 
istic  for  a  rocket  vehicle  there  must  be  high  values  of  specific 
impulse  of  the  power  plant  and  high  ratio  of  the  initial  to  final 
mass  of  the  vehicle. 


The  degree  of  perfection  of  a  power  plant  can  be  estimated  by 
the  ratio  I^/m^y.  Optimum  pressure  pK  is  that  for  which  this  ratio 
has  maximum  value  for  given  Ij.. 

The  optimum  pressure  pu  depends  mainly  on  the  system  for  feeding 
the  propellant  components  to  the  chamber. 

For  each  type  of  displacement  feed  (using  a  high-pressure  gas 
container,  »  liquid  gasifier,  or  a  solid-fuel  gasifier),  with  an  in¬ 
crease  in  pressure  pK  to  a  certain  value  the  ratio  increases, 

.  while  with  a  further  Increase  in  pu  it  decreases. 

Let  us  clarify  this.  We  will  start  with  the  conditions  m^y  ■ 

«  const  and  pc  «  const.  For  a  rocket-engine  chamber  an  increase  in 
specific  impulse  with  rising  pressure  pu  is  characteristic,  but  as 
the  pressure  increases  the  rise  in  specific  impulse  is  noticeably 
slowed  down  (see  §5.4). 

Simultaneously  with  an  increase  in  pressure  pu  there  must  be 
a  rise  in  pressure  in  the  tanks  which  requires,  in  turn,  an  increase 
in  thickness  of  the  walls  and,  consequently,  their  mass.  In  addition, 
the  mass  of  the  chamber  nozzle  increases  in  connection  with  an  increase 


t 
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in  the  values  of  e„  and  f  .  Therefore,  with  a  rise  in  pressure  pu, 
to  assure  the  condition  m^y  «  const  the  mass  of  propellant  in  the 
tanks  of  the  power  plant  must  be  decreased. 

The  increase  in  the  ratio  Ij/m^y  with  a  rise  in  pressure  pK  is 
explained  by  the  fact  that  in  this  interval  of  pressure  pu  the 

n 

specific  impulse  increases  greatly,  and  the  value  of  Ij  increases 
despite  the  decreased  mass  of  propellant. 

With  an  increase  in  pressure  pK  above  optimum,  ratio  I^/m^y 
begins  to  decrease,  which  indicates  a  greater  influence  of  the  de¬ 
creased  propellant  mass  due  to  an  increase  in  the  mass  of  the  tanks 
and  displacement  system  compared  with  the  influence  of  an  increase 
in  specific  impulse  due  to  a  rise  in  pressure  p  . 

The  lower  the  mass  of  the  tanks  and  the  displacement  system  for 
feeding  a  given  quantity  of  propellant  components  from  the  tanks  to 
the  engine  chamber,  the  better  the  power  plant. 

With  improvement  of  the  feed  system,  the  ratio  I£/m^y  and  the 
optimum  pressure  p  increase.  For  example,  a  displacement  feed  sys- 
tern  using  a  liquid  gasifier  is  more  efficient  than  a  system  with  a 
high-pressure  gas  container  (Fig.  9*8). 

Ordinarily,  pressure  p„  for  an  LPRE 

n 

with  a  displacement  propellant-component 
feed  system  is  within  the  limits  of  15-30 
bars  015-30  kgf/cra2].  The  LPRE's  of 
space  vehicles,  in  a  number  of  cases,  use 
lower  pressures  (7-8  bars  [*7-8  kgf/cm2]), 
making  it  possible  to  refrain  from  using 
external  circulation  cooling  and  to  achieve 
the  possibility  of  a  considerable  change  in  thrust,  in  addition  to 
high  engine  reliability. 

For  a  power  plant  with  a  pump  system  for  feeding  propellant 


with  dlsplactuant  fttd  with  a  high- 
pr»»»ur»  |u  contalntr  (!)  and  a 
liquid  faalfltr  <1)  <•««  •  corats 
p.  •  conat).  * 
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components  to  the  chamber  there  is  also  an  optimum  pressure  pu 
which  depends  on  a  number  of  factors,  including  the  power-plant 
scheme. 


In  a  power  plant  including  an  LPRE  with  exhausting  of  the 
working  fluid,  after  operation  in  the  turbine,  into  the  ambient 
medium,  a  rise  in  pressure  pu  increases  the  required  pressure  of 
the  propellant  components  at  the  pump  exit,  which  makes  it  necessary 
to  increase  turbine  power  (in  §13.13  it  will  be  shown  that  the  tur¬ 
bine  power  can  be  increased  basically  by  increasing  the  flow  of  gas 
through  it;  however,  in  this  case,  the  engine  specific  impulse  is 
reduced  -  see  §9.1). 

Within  a  certain  range  of  pressure  pu,  the  specific  impulse  of 
the  engine  increases  as  pressure  increases:  the  rise  in  specific 
impulse  of  the  chamber  due  to  a  rise  in  pressure  pu  exceeds  the  de- 
crease  in  specific  impulse  of  the  engine  due  to  the  increased  gas 
flow  through  the  turbine. 

A  certain  pressure  pu  assures  maximum 
specific  impulse  for  the  engine,  while  with 
a  further  rise  in  p„  the  specific  impulse 
decreases  (Pig.  9.9).  In  this  case  the  drop 
in  engine  specific  impulse  due  to  increased 
gas  flow  through  the  turbine  exceeds  the  in¬ 
crease  in  specific  impulse  due  to  the  rise 
in  pressure  p  . 

H 

The  optimum  pressure  pu  for  an  LPRE 
with  a  pump  feed  system  should  also  be  selected  from  the  condition 
of  maximum  ratio  not  from  the  condition  of  maximum  engine 

specific  impulse. 

In  a  power  plant  with  an  LPRE  operating  on  the  scheme  "gas- 
liquid”  or  "gas-gas,"  the  specific  impulse  of  the  chamber  arid  en¬ 
gine  is  identical.  For  such  engines,  with  a  rise  in  pressure  pH 


PI*.  9.9.  I/eptr.tlenoe  of  apeeirle 
Ispulse  or  the  ehar.ber  (1)  and 
•.'.(In*  (2)  with  exhauatln*  or  the 
working  fluid,  after  operation  In 
the  turbine.  Into  the  ataoaphera 
on  the  preaaure  p  (pr  •  eontt). 
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the  mass  of  the  chamber  increases  simulta¬ 
neously  with  an  increase  in  specific  impulse. 
Therefore,  there  is  also  an  optimum  pres¬ 
sure  p  corresponding  to  the  maximum  ratio 

Ij/m^y. 


Flrf.  9.10.  Pressure  pH  vs.  the 
retlo  for  *h  LPRE  Kith  ex¬ 

hausting  of  tne  generator  gas 
Into  the  atmosphere  with  a  liquid 
gasifier  using  auxiliary  pro¬ 
pellant  components  (1).  basic  pro¬ 
pellant  components  (2),  and  for 
an  LPRE  with  afterburnl'  g  of  the 
generator  gas  (3). 


The  more  improved  the  system  for  feeding 
propellant  components  to  the  chamber  and  the 
LPRE  scheme,  uhe  greater  the  ratio  I^/m^y, 
increasing  with  a  rise  in  pressure  pu  (see 
Fig.  9.10),,  The  best  power  plants  are  those 


with  I.PRE's  operating  on  the  scheme  "gas-liquid"  or  "gas-gas."  It 
is  particularly  suitable  to  use  such  engines  with  high  pressures  p^ 
for  high-thrust  power  plants. 


In  §5.^  it  was  shown  that  chamber  dimensions  decrease  and  its 
construction  is  simplified  with  an  increase  in  p  . 

The  use  of  high  pressure  pu  involves  certain  engine-design 
difficulties.  These  include:  the  need  for  more  efficient  cooling, 
difficulties  in  assuring  tightness  of  the  Joints,  and  also  diffi¬ 
culties  in  assuring  engine  unit  strength  and  efficiency,  however, 
these  difficulties  have  been  successfully  overcome.  Disadvantages 
in  using  high  pressure  p  also  include  an  increase  in  cost  of  the 
engines  and  a  certain  reduction  in  their  reliability. 


Pressure  p  for  most  modern  LPRE's  with  pump  feed  systems  is 

K  2 

50-100  bars  [=50-100  kgf/cm  ]j  for  certain  LPRE's  it  reaches  200  bars 
o 

[=200  kgf/cm  ].  The  expediency  of  using  higher  pressures  pH  has  been 
studied:  280-350  bars  [=280-350  kgf/cm2]  and  higher. 
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CHAPTER  X 

LIQUID  CHEMICAL  PROPELLANTS 


In  §1.2  it  was  shown  that  "chemical  propellant"  is  the  name  used 
for  substances  which,  when  they  enter  into  chemical  reaction,  re¬ 
lease  heat  and  form  basically  gaseous  products.  The  most  typical 
chemical  propellants  consist  of  an  oxidizer  and  a  fuel.  The  oxi¬ 
dizer  is  a  substance  consisting  mainly  of  oxidizing  elements,  while 
the  fuel  consists  of  fuel  elements.  During  the  chemical  reaction 
there  is  electron  exchange  in  the  outer  election  shell  of  the  atoms: 

the  atoms  of  the  fuel  elements  give 
their  electrons  to  the  atoms  of  the 
oxidizer  elements. 


A  chemical  propellant  compo¬ 
nent  (Pig.  10.1)  is  a  liquid  sub¬ 
stance  stored  in  a  separate  tank 
and  fed  along  a  separate  line  to 
the  engine  chamber.  The  chemical 
propellant  component  (CPC)  can  also 
be  a  solid  substance  located  di¬ 
rectly  in  the  chamber.  The  CPC  can  also  be  a  combination  of  indi¬ 
vidual  liquid  or  solid  substances,  or  a  mixture  of  individual  liquid 
and  solid  substances. 


FI*.  10.1.  ClMJlfloatlon  of  ehralcal  pro- 
ptllant  ooaooMrita. 


12 


In  certain  cases  the  propellant  component  includes  special 
additives  (from  tenths  of  a  percent  to  several  percent)  in  order  to 
improve  some  one  of  its  properties. 

Liquid  propellant  components  containing  solid  metal  particles 
are  called  metal-containing,  or  metallized,  components;  there  are 
two  types  of  such  components  -  suspensions  and  colloidal  solutions. 

A  suspension  is  a  liquid 
component  containing  uni¬ 
formly  distributed  fine 
solid  metal  particles.  A 
colloidal  solution  differs 
from  a  suspension  in  the 
smaller  sizes  of  the  metal 
particles . 


Chemical  propellants 
(Fig.  10.2)  are  classified  by  the  following  criteria: 

a)  the  number  of  basic  components  -  mono-,  bi-,  and  tripropel¬ 
lants  : 

b)  by  the  aggregate  state  of  the  basic  propellant  components  — 
solid,  liquid,  and  solid-liquid  (hybrid)  propellants; 

c)  by  the  features  of  the  interaction  of  the  propellant  compo¬ 
nents  upon  their  immediate  contact  —  hypergolic  and  nonhypergolic 
propellants. 

Hypergolic  propellants  ignite  (3-8) *10“^  seconds  after  their 
components  come  into  contact  (this  time  is  called  the  self-ignition 
delay  period).  A  special  system  is  required  to  Ignite  nonhypergolic 
propellants . 

Tripropellants  include,  in  particular,  those  containing  oxidi¬ 
zer,  fuel,  and  a  component  with  small  p  (e.g.,  liquid  hydrogen), 
sometimes  called  a  diluent. 


(  One  Individual 

*lrt«rt  of  Mvaril 

]  imatiMi 

Individual  cub* 

i 

»g.  10.2.  Claaalfloatlon  of  chtaleal  propallartta. 
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Solid  propellants  can  be  homogeneous  (uniform)  or  heterogeneous 
(nonuniform,  or  mixed).  A  homogeneous  propellant  is  a  chemical  sub¬ 
stance  whose  molecule  contains  both  oxidizer  and  fuelj  a  solid  solu¬ 
tion  of  two  such  chemical  substances  can  also  be  a  homogeneous  pro¬ 
pellant.  A  heterogeneous  propellant  is  a  mechanical  mixture  of  oxi¬ 
dizer  (usually  crystalline)  and  fuel,  which  at  the  same  time  acts  as 
the  binder,  thus  assuring  creation  of  a  solid  propellant  charge  with 
the  necessary  mechanical  characteristics.  Solid  propellants  are 
examined  in  Chapter  XVI. 

§10.1.  Simple  oxidizers  and  fuels 

Chemical  propellant  components  contain  both  oxidizer  and  fuel 
elements.  Propellant  components  consisting  of  oxidizer  or  fuel 
elements  of  a  single  type  are  called  simple  oxidizers  or  fuels,  re¬ 
spectively. 

The  oxidizers  include  oxygen  and  the  halogens:  fluorine,  chlor¬ 
ine,  bromine,  and  iodine.  Oxygen  and,  in  particular,  fluorine  have 
the  best  oxidizing  ability.  They  are  used  as  simple  oxidizers  and 
in  combination  with  other,  less  effective,  oxidizing  elements.  Cer¬ 
tain  properties  of  simple  oxidizers  are  given  in  Table  10.1. 


Table  10.1.  Certain  properties  of  simple  oxidizers 
[35,  373 
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The  basic  fuels  of  chemical  rocket  propellants  are  hydrogen, 
lithium,  beryllium,  boron,  carbon,  magnesium,  aluminum,  and  silicon; 
other  fuel  elements  -  sodium,  calcium,  phosphorus,  titanium,  and 
zirconium  -  are  less  effective.  Table  10.2  gives  the  basic  proper¬ 
ties  of  simple  fuels. 


Table  10.2.  Certain  properties  of  simple  fuels 
C35,  373 
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Propellants  using  fluorine  as  the  oxidizer  are  more  efficient 
than  oxygen-based  propellants.  This  is  explained  by  the  following 
features  of  oxides  (the  end  products  of  fuel/oxygen  interaction)  and 
fluorides  (end  products  of  fuel/fluorine  interaction). 

1.  The  heat  of  formation  of  fluorides  for  most  of  the  examined 
fuel  elements  is  greater  than  that  of  the  oxides. 
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2.  The  boiling  and  melting  points  of  the  fluorides  are  sub¬ 
stantially  lower  than  those  of  the  oxides.  Therefoi»e,  in  most  cases 
the  fluorides  leave  the  nozzles  of  chemical  rocket  engine  chambers 
in  the  gaseous  state,  while  many  oxides  (particularly  BeO  and  AlgO^) 
leave  in  the  liquid  or  solid  states. 

Hydrogen,  upon  interaction  with  oxygen  and  fluorine,  does  not 
give  the  highest  heat  of  formation  of  the  corresponding  oxide  (H29) 
and  fluoride  (HP),  but  these  compounds  have  low  molecular  mass  and 
low  values  of  THMn  and  T  ,  which  makes  propellants  using  oxygen  and 
fluorine  as  the  oxidizer  and  hydrogen  as  the  fuel  very  efficient. 

Metals  and  metal-containing  compounds  with  low  molecular  mass 
(Li,  Be,  B)  are  also  highly-efficient  fuels.  Carbon  is  one  of  the 
relatively  low-efficiency  fuel  elements. 

§10.2.  Particular  requirements  of  liquid  chemical  propellants 

The  general  and  specific  requirements  of  chemical  propellants 
have  been  examined  in  §§3.2  and  3*3. 

In  accordance  with  equation  (5.10),  propellants  should  assure 
high  thrust-coefficient  values  Kp  (see  §5.3)  and  3  (see  §4.5).  These 
coefficients,  as  well  as  velocity  W_  (see  §4.5),  increase  with  in- 

w 

creasing  temperature  and  gas  constant  of  the  combustion  products  at 
the  nozzle  inlet,  and  also  with  increasing  expansion  ratio  e„  and 

w 

decreasing  index  np. 

A  substantial  influer.  ■?  is  exerted  by  temperature  T  ,  which  is 
a  function  of  the  working  heating  capacity  Hpafi,  determined  by  tne 
type  and  ratio  of  the  propellant  components. 

The  chemical  propellant  component,  like  all  working  fluids  of 
the  rocket  engine  (see  §3.2),  should  have  high  dimity.  This  is 
particularly  important  for  the  oxidizer,  since  it  is  its  density 
which  basically  determines  the  density  of  the  propellant. 
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In  connection  with  the  fact  that  the  values  of  Iy<£Jh  and  p?  have 
varying  influence  on  the  characteristic  velocity  of  a  rocket  vehicle, 
the  need  arises  for  a  combination  estimate  parameter,  such  as  the 
expression  ly^Pyj  where  c  is  an  exponent  whose  value  is  defined  by 
the  equation 

fssi 

1 

Here  mT  is  the  mass  of  the  propellant  components. 

The  maximum  value  of  the  expression  corresponds  to  the 

maximum  characteristic  velocity  of  the  rocket  vehicle.  Exponent  c, 
which  defines  the  influence  of  propellant  density  on  the  rocket 
vehicle  characteristic  velocity,  is  less  than  one.  Therefore,  the 
specific  Impulse,  rather  than  the  propellant  density,  has  a  greater 
influence  on  the  characteristic  velocity.  With  a  decrease  in  ex¬ 
ponent  c  (i.e.,  with  an  increase  in  the  ratio  m_/rn  ),  the  influ- 
ence  of  the  density  p_  decreases.  With  m/n  au  *  0.8,  characteris- 

T  T  H  3  M 

tic  of  ballistic  missiles,  c  *  0.5. 

For  the  upper  stages  of  rocket3  the  influence  of  the  propellant 
density  decreases,  while  that  of  the  specific  impulse  increases. 
Therefore,  for  these  stages  we  recommend  use  of  the  propellant 
LOX  +  liquid  hydrogen,  despite  the  extremely  low  density  of  liquid 
hydrogen  (p  s  71  kg/m^). 

The  stability  with  which  combustion  or  decomposition  occurs, 
and  the  starting  properties,  are  also  important  characteristics  of 
a  chemical  propellant. 

The  atability  of  combustion  or  decomposition  of  the  propellant 
is  determined  mainly  by  the  amplitude  of  oscillations  of  pressure  p  j 
the  greater  the  amplitude,  the  less  stable  the  chemical  reactions  in 
the  chamber  and  the  lower  its  operational  reliability  (see  §15. 1). 

Propellants  with  good  starting  propertied  assure  stable  engine 
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start-up  regimes  (without  large  oscillation*;  of  pressure  p).  For 
example,  two-component  propellants  with  goo<S  starting  properties 
ignite  easily  and  reliably  over  a  broad  range  of  change  of  coef¬ 
ficient  H,  which  is  explained  by  their  following  features: 

a)  easy  evaporability ; 

b)  low  ignition  point; 

c)  small  amount  of  heat  required  for  ignition; 

d)  short  ignition  delay  period  t_  . 

From  the  standpoint  of  ensuring  good  starting  properties  and 
stable  combustion,  and  also  to  simplify  engine  design,  hypergolic 
propellants  are  usually  preferred  over  nonhypergolic  propellants. 

The  following  additional  requirements  are  imposed  on  liquid 
propellant  components: 

a)  low  viscosity  and  as  little  a  change  in  it  as  possible  in 
the  engine  operation  temperature  range; 

b)  low  surface  tension; 

c)  low  saturated  vapor  pressure. 

With  low  viscosity  of  the  propellant  components  there  is  a  de¬ 
crease  in  the  hydraulic  resistance  of  the  engine  lines,  which  re¬ 
sults  in  decreased  power  expenditures  for  feeding  the  components  to 
the  chamber. 

With  low  viscosity  and  surface  tension  of  the  propellant  com¬ 
ponents  their  atomization  is  improved,  i.e.,  they  break  up  into 
finer  particles  as  they  enter  the  chamber,  facilitating  more  com¬ 
plete  combustion. 

Low  saturated  vapor  pressure  decreases  the  amount  of  components 
lost  to  evaporation  and  has  a  favorable  influence  on  certain  other 
parameters  of  the  engine  and  of  the  vehicle  as  a  whole. 
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If  the  engine  chamber  has  external  circulating  cooling,  one  of 
the  propellant  components  should  have  good  cooling  properties. 

We  must  point  out  that  there  are  no  propellants  that  can  be 
used  equally  effectively  for  various  types  of  rocket  engines  with 
varying  thrust.  Therefore,  the  propellant  should  be  very  carefully 
selected  in  each  specific  case. 

§10.3.  Characteristics  of  liquid  propellants 

LPRE’s  use  mainly  bipropellants .  Such  propellants  are  also 
called  separate-feed  propellants,  since  the  oxidizer  and  fuel  are 
stored  In  separate  tanks  and  fed  to  the  chamber  along  different 
lines. 

LPRE’s  operating  on  a  monopropellant  (or  unitary  propellant) 
are  simpler  in  design  and  operation. 

Monopropellants,  a  blend  of  oxidizer  and  fuel  or  solutions  of 
fuel  in  oxidizer,  can  have  sufficiently  high  power  characteristics, 
but  such  propellants  tend  to  explode.  The  same  can  be  said  of  a 
monopropellant  consisting  of  one  substance  whose  molecule  contains 
both  oxidizer  and  fuel  elements  (e.g.,  nitromethane  CH^NOg). 

Monopropellants  consisting  of  one  individual  substance  (e.g., 
hydrazine  NgH^)  and  releasing  heat  as  a  result  of  decomposition  in 
the  presence  of  a  catalyst  are  stable  enough,  but  have  relatively 
low  power  characteristics. 

Both  solid  and  liquid  catalysts  are  used.  The  solid  catalyst 
is  located  directly  in  the  chamber;  its  mass  remains  practically 
unchanged  during  engine  operation. 

The  liquid  catalyst  is  located  in  a  separate  tank  and  is  fed 
directly  to  the  chamber  along  a  special  line. 


w 

if 

An  example  of  a  starting  propellant  component  for  an  LPRE  is 
triethylaluminum  AKCgHg)^,  a  liquid  that  ignites  in  air;  it  is  used 
to  ignite  nonhypergolic  propellants. 

! 

i 

When  designing  an  LPRE  and  any  other  type  of  rocket  engine  we 
tend  to  eliminate,  as  much  as  possible,  starting  and  auxiliary  pro-  j 

pellant  components.  The  use  of  only  basic  propellant  components  j 

simplifies  the  design  of  a  rocket  vehicle  and  the  fueling  units  of  ; 

launch  complexes,  facilitates  filling  of  the  tanks,  etc.  j 


Above  we  indicated  that  alditives  are  introduced  into  rocket 
propellants  in  a  number  of  cases,  additives  which  assure  the  following, 
in  particular: 

a)  prolonged  chemical  stability  of  the  propellant  component 
(inhibitors) j 

b)  reduction  in  the  corrosion  activity  of  the  propellant  com¬ 
ponent  (deactivators); 

c)  a  decrease  in  the  value  of  t  (catalysts); 

d)  self-ignition  of  the  propellant  (this  can  be  achieved,  e.g., 
by  introducing  liquid  fluorine  into  LOX). 

§10.4.  Liquid  oxidizers  and  fuels  of  rocket  propellants 

The  oxidizers  usually  make  up  the  bulk  of  the  propellant.  Sim¬ 
ple  oxidizers  (02,  P2)  or  combinations  of  oxidizing  elements  (oxygen 
fluoride  0P2,  halogen  fluorides:  CIF^,  ClFg,  BrF^*  BrP^,  IP^,  and 
others,  perchloryl  fluoride  CIO^F*  and  others)  consist  entirely  of 
oxidizing  elements. 

Certain  oxidizers  contain  nitrogen  in  the  molecule  together  with 
the  oxidizing  element;  this  is  a  neutral  element  (nitrogen  tetroxide 
N20|,,  nitrogen  fluorides  NP^  and  NP^,  and  others).  Certain  oxidizers 
contain  fuels  and  neutral  elements  simultaneously  (nitric  acid  HNOg, 
tetranitromethane  C(N02)1j,  perchloric  acid  HClCfy,  and  others). 
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Hydrogen  peroxide  HgC^  includes  oxidizer  and  fuel  elements. 

The  following  oxidizers  are  most  widely  used  in  LPRE’s:  oxygen 
nitric  acid,  nitrogen  tetroxide,  and  hydrogen  peroxide.  The  physico 
chemical  properties  of  the  basic  oxidizers  are  given  in  Table  10.3* 

The  most  efficient  fuels  are  those  consisting  entirely  of  fuel 
elements .  The  presence  of  nitrogen  or  some  oxidizer  element  in  the 
fuel,  as  a  rule,  lowers  the  power  characteristics  of  the  propellant. 

The  fuels  used  and  foreseen  for  liquid  propellants  can  be 
divided  into  the  following  groups: 

1.  Liquid  hydrogen  and  nitrogen-hydrogen  fuels:  hydrazine 
N2Hjj,  ammonia  NH^. 

2.  Fuels  containing  hydrogen,  nitrogen,  and  carbon,  and  which 
are  hydrazine  derivatives:  methylhydrazine  (MMH)  HgN-NHfCH^), 
unsymmetrical  dime  thy  lhydrazine  (UDMH)  HgN-JKCHgJg,  and  aerozine- 
50,  a  1:1  blend  of  hydrazine  and  UDMH. 

3.  Hydro carv on  fuels:  kerosene  (a  blend  of  hydrocarbons  pro¬ 
duced  during  petroleum  distillation)}  methane  CH^  (liquefied  hydro¬ 
carbon,  a  basic  component  of  natural  gas);  ethane  C2 Hg  and  propane 
C^Hg  (also  liquefied  hydrocarbons)}  and  others. 

1i.  Fuels  containing  hydrogen,  carbon,  and  oxygen  (alcohols): 
ethyl  alcohol  CgH^OH,  methyl  alcohol  CH^OH,  and  others. 

The  physicochemical  properties  of  the  basic  fuels  are  given  in 
Tab le  10 . k . 

§10.5.  Characteristics  of  two- component  propellants  (bipropellants) 

The  characteristics  of  basic  bipropellants  are  given  in  Table 

10.5. 


Table  10.6  shows  the  hypergolic  and  nonhypergolic  propellants. 
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Table  10.3.  Certain  properties  of  liquid  oxldlxer*  [2  ,  23  ,  33} 


mBuammmm 

■EaHBB 


Ml trie 'sold 


Fluorine 


Oxygen  fluoride 


Chlorine  trlfluorlde 


64,35 

<00, to 

•1144 

272,36 

423,35 

1442 

231,66 

357,35 

1504 

261,96 

294,3 

1442 

63,53 

65,02 

1507 

-40,35 

127,65 

D 

106,13 

264,90 

1300 

222  |  Stable  0,01 


Stable  Highly  toxle 


Slightly 
'  toxle 


Tetrafluorohylraslne 


Chlorine  pentafluorldel  CIF»  130,457 


Nitrogen  trlfluorlde  NFj  7I.0QI  86,10  144,14  1531  j  —3050 


104,016  105,13  200,15 


Brouine  trlfluorlde  BrP,  136,016  361,02  306,0  2707 


Broalnt  pentafluorlde  OfPi  174,016  210,66  313,45  2465  —2625 


ferehloryl  fluoride  ClOjP  102,457  125,41  226,48 


Perchloric  acid  HCIO,  100,465  161,16  403,16  1773  —460  Unitablel  Toxle 


Slightly 

toxic-' 


•Value*  at  298.15*11;  for  low-boiling  oxldltera  -  at  the  tolling  point 
••Value*  at  293*K;  for  low-boiling  oxldlxer*  -  at  the  boiling  point.  - 


Table  10.4.  Certain  properties  of  liquid  fuels 
C2,  23,353 
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prtaaurt 
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kJ 
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m 
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m 
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m 
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215,95 
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m 

M 
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— 

43,534 
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343,25 
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1173 

m 

m 

Keros en* 
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for*.) 

200— 

220 
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820- 

850 

-1728 

N 

300 

Methane 

CH| 

16,047 

89,15 

111.65 

424 

-5439 

m 

Slightly 

toxic 

Ethyl 

alcohol 

CjHjOH 

46,070 

159,05 

351,47 

785 

-6025 

m 

1000 

Dlborsn* 

B.Hj 

27,67 

107.65 

180,65 

430 

438 

Stable  in 
hernetlo 
tank 
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toxic 

Jentabornne 

BjU, 

63,27 

226,34 

335,15 

618 

381 

• 

0,01 

•Value*  at  298.15*Ki  tor  lou-colllng  fuel*  -  at  boiling  point. 
•■Valuta  at  293°Ki  for  low-boiling  fuala  -  at  tha  bolllnc  point. 


LOX-based  propellants.  During  the  initial  development  period 
of  LPRE's  and  during  World  War  II,  the  propellant  liquid  oxygen  02  + 
ethyl  alcohol  CgH^OH  was  widely  used.  The  comparatively  low  heating 
capacity  of  this  propellant  led  to  its  replacement  with  02  +  kerosene. 

The  propellant  02  +  kerosene  is  cheap  and  reliable,  and  its  pro¬ 
duction  and  use  is  very  familiar.  Certain  difficulties  in  cooling 
the  chamber  due  to  the  high  temperature  of  the  combustion  products, 
and  the  comparatively  low  percentage  of  fuel  in  the  propellant,  have 
been  successfully  overcome,  and  the  propellant  02  +  kerosene  is 
widely  used  in  modern  LPRE's.  LPRE's  have  been  developed  which  pro- 
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Table  10.5.  Thaoratleal  charaetariatlei  of  eartaln  bipropallants  C 353  (p 
*  68.906  ban  [68.006  ata(phya)]{  Pe  •  1.013  bar  a  [1  ata(phya)];  n  •  hoot 
Ph  ■  Pji  •qulllbrlun  axpanalon) 


3*4  435  393  363 
1065  1261  1254  1217 
976  1244  1223  1170 
867  1021  1107 


375  -60S 

1263  1458  1507 

1214  1325  1381 

1176  1413  1493 


2677  2410  2474  2640  3688  3547  3705  3134  3814 
3406  2927  3021  3247  4727  4047  4157  3001  4481 
3608  3008  3147  3415  4464  4403  4003  3790  4226 
4160  2060  3516  3013  5010  5000  4656  4447  4840 


2131.9  2553.7  23G2.S 

1779.9  2112,4  2061,8 

1725,0  2087,8  2130.0 

1753,4  |  1711,9  2175,1  2165,3 


3835,4  3101,7 

3068,3  2813,3 

3037.1  2782,1 

3135.2  3031,2 


4471.8  3675.5 

3025.5  3310,7 

3610.8  3294.1 

3777.5  3059,8 


3454,9  3526,3 


4683.7  4690,5  388 
42t0,0  4009,9  350 
4050.1  4085,6 

4224.7  4248.2 


2022,1  2272,2  2153.5 

1827,0  2056,4  1791,0 

1726,0  1059,4  1754,4 

1751.5  2013,3  17(4.1 


3564,7 

3282.3 
3147.9  j  264U.O 

3275.4  2033, 1 


3620,0  4118.8 

3352.9  3827,8 

323!>.l  3096.1 

3102.9  3809.1 


duce,  using  this  propellant,  thrusts  up  to  7000  kN  0700  tons]. 


The  propellants  C>2  +  NH^ ,  Og  +  NH^,  02  +  MMH,  and  Og  +  UDMH  have 
better  starting  characteristics  and  more  stable  burning  as  compared 
with  02  +  kerosene.  Of  these  propellants,  02  +  UDMH  is  the  most 
widely  used.  For  these  propellants,  and  also  for  02  +  H2,  despite 
their  high  heating  capacity,  a  reduced  temperature  of  the  combustion 
products  is  characteristic,  which  facilitates  chamber  cooling. 
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Table  10.6.  Characteristics  of  Ignition  of 
certain  propellants 
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The  greatest  specific  impulse  (up  to  4800  N»s/kg  [>480  kgf  s/kg]) 
of  all  modern  propellants  that  have  been  developed  is  provided  by  the 
propellant  LOX  +  liquid  hydrogen  (02  +  H2).  LPRE's  have  been  de¬ 
veloped  which,  using  this  propellant,  yield  thrusts  of  up  to  1000  kN 
>100  tons];  work  is  being  carried  out  in  the  US  on  creation  of  an 
LPRE  with  a  thrust  of  up  to  7000  kN  >700  tons].  Despite  the  low 
density  of  the  propellant  02  +  H2  (pT  s  320  kg/m^),  its  use  for  LPRE’s 
in  the  upper  stages  of  booster  rockets  makes  it  possible  to  substan¬ 
tially  increase  the  mass  of  the  payload. 

When  up  to  5%  of  liquid  fluorine  is  added  to  LOX,  all  LOX-based 
propellants  become  hypergolic. 

When  the  propellant  02  +  H2  is  replaced  by  (70X  02  +  30#  F2)  + 

+  H2,  the  engine  specific  impulse  increases.  The  mixture  02  +  F2 
can  be  used  with  UDMH,  kerosene,  and  liquefied  hydrocarbons  (methane, 
ethane,  and  propane). 

Hydrogen  peroxide-bssed  propellents.  Hydrogen  peroxide  was 
widely  used  as  an  oxidizer  in  LPRE’s  during  World  War  II. 

However,  during  that  period,  hydrogen  peroxide  was  used  in  the 
form  of  an  80X  aqueous  solution,  which  reduced  the  heating  capacity 
of  the  propellant.  With  the  development  of  methods  for  stabilizing 
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hydrogen  peroxide,  it  became  possible  to  increase  its  concentration 
to  902,  and  in  certain  cases  to  98)1!. 

Propellants  on  a  highly-concentrated  hydrogen  peroxide  base  are 
just  as  good  as  nitric  acid-based  propellants  as  far  as  density  is 
concerned,  and  at  the  same  time  they  assure  a  somewhat  greater  spe¬ 
cific  impulse  at  a  substantially  lower  combustion  temperature.  An 
additional  advantage  over  nitric  acid  and  nitric  acid-based  oxidizers 
is  the  lower  corrosion  activity  of  hydrogen  peroxide. 

The  propellant  H202  +  kerosene  is  the  most  widely  used;  H202  + 

+  UDMH,  H202  +  NHg,  and  H202  +  are  used  more  rarely.  The  con¬ 

centration  of  H202  in  all  these  propellants  is  90?.  Prospective 
hydrogen  peroxide-based  propellants  include  H202  +  B2Hg  and,  in  par¬ 
ticular,  H202  +  An  important  advantage  of  the  latter  is  that 

it  consists  of  high-boiling  compounds. 

Nitric  acid-based  propellants.  The  heating  capacity  of  such 
propellants  is  less  than  that  of  LOX-based  propellants,  but  unlike 
the  latter  they  have  high  density  and  can  be  stored  for  a  prolonged 
time  in  a  fully  fueled  rocket. 

Nitric  acid  (100?  concentration)  is  an  unstable  product.  There¬ 
fore,  LPRE's  use  concentrated  nitric  acid  containing  about  2%  H20 
and  0.5?  nitrogen  oxides  N02  (this  is  called  white  fuming  nitric 
acid  [WPNA] )  or  a  solution  of  concentrated  nitric  acid  and  nitrogen 
tetroxide  (this  solution  is  called  red  fuming  nitric  acid 

[RFNA] ) .  The  latter  oxidizer  is  more  efficient.  RPNA-based  propel¬ 
lant,  using  UDMH  as  the  fuel,  is  an  example  of  a  hypergolic  propel¬ 
lant  with  prolonged  storage  capability,  good  starting  characteris¬ 
tics,  and  stable  burning. 

However,  nitric  acid-based  propellants  have  basically  been  re¬ 
placed  by  nitrogen  tetroxide-based  propellants. 

Nitrogen  tetroxide-based  propellants .  The  propellants  NgOjj  + 
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+  N2H^,  NgOjj  +  MMH,  and,  in  particular,  NgO^  +  aerozine-50  and  N.,0^  + 
+  UDMH  are  the  most  widely  used,  especially  when  prolonged  storage  is 
required.  They  are  not  quite  as  good  as  02  +  kerosene  as  far  as  the 
specific  impulse  that  can  be  developed  by  the  engine,  but  their  den¬ 
sity  is  higher. 

The  propellants  +  aerozine-50  and  +  UDMH  make  it  pos¬ 

sible  to  create  reliably  operating  LPRE's  with  high  specific  impulse 
and  very  high  thrust  in  a  single  chamber.  The  propellants  + 

+  NgHjj  and  NgOjj  +  MMH  are  used  for  engines  having  relatively  low 
thrust;  the  latter  propellant  has  the  best  starting  properties. 

Fluorine-based  propellants.  Liquid  fluorine  is  best  used  in 
combination  with  such  fuels  as  ammonia,  hydrazine,  pentaborane,  and 
in  particular  liquid  hydrogen.  The  propellant  F2  +  H2  is  4-5X  better 
than  02  +  H2  as  far  as  the  mass  specific  impulse  developed  by  the 
engine,  70 %  better  as  far  as  volume  specific  impulse  is  concerned, 
and  55%  better  in  density.  It  is  most  suitable  for  the  LPRE's  of 
the  upper  stages  of  booster  rockets  and  for  the  LPRE's  of  space 
vehicles  having  a  relatively  short  flight  time  and  high  required 
total  thrust  [1], 

The  disadvantages  of  P2  +  H2  include:  1)  high  temperature  of 
the  combustion  products,  which  complicates  chamber  cooling;  2)  the 
high  cost  of  fluorine;  and  3)  the  high  toxicity  of  fluorine  and  its 
combustion  products  (HF). 

The  high  values  of  the  volume  specific  impulse  developed  by  an 
engine  using  fluorine-based  propellants  can  be  Judged  from  Table  10.7* 

The  LPRE's  of  space  vehicles  can  use  the  following  propellants: 

F2  +  NH3,  F2  +  N^,  F2  +  MMH,  F2  +  CH^,  Fg  +  B2Hg,  and  others. 

Propellants  based  on  fluorine-containing  oxidizers.  Oxygen 
fluoride  0F2  is  best  used  in  combination  with  liquid  hydrogen,  UDMH, 
MMH,  hydrazine,  ammonia,  and  methane.  For  the  LPRE's  of  space 

27 


/ 


Table  10.7.  Volume  specific  Impulse  of  oxygen  and 
fluorine  LPRE's  at  sea  level  (pH  »  66.7  bars  [66 

kgf/cm2];  pc  »  0.981  bars  [1  kgf/cm2];  H  ■  HQnT} 


equilibrium  expansion) 
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1.834 
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NH, 

2,569 

262 

4.119 

420 

NjH, 

8.256 

335 

4,678 

477 

vehicles  it  is  possible  to  use  the  propellant  0F2  4  B2H6‘  The  mass 
and  volume  specific  impulses  of  engines  using  oxygen  fluoride-based 
propellants  are  higher  than  those  for  LPRE's  using  LOX-based  pro¬ 
pellants.  All  oxygen  fluoride-based  propellants  are  hypergolic  and 
have,  except  for  OF2  +  H2,  comparatively  high  density. 

Because  of  the  high  cost  of  oxygen  fluoride,  in  a  number  of 
cases  it  is  advisable  to  use  P2  +  02,  whose  efficiency  is  only  some¬ 
what  lower. 

The  prop  Hants  CIP^  +  N2H2  and,  in  particular,  CIP^  +  NgH^ 
are  very  promising  as  long-storage  hypergolic  propellants.  One  of 
the  difficulties  arising  when  using  CIP^  +  is  the  formation  of 

a  solid  deposit  on  the  inner  surface  of  the  chamber  walls. 

The  propellant  BrF^  +  is  highly  efficient;  its  density  is 

1990  kg/m^.  The  volume  specific  impulse  of  an  engine  operating  on 
such  a  propellant  is  4.81  N»s/m^  [489  kgf*s/liter]  when  p  »  68.7 

2  p  * 

bars  [70  kgf/cm  ]  and  p  *  0.981  bars  [1  kgf/cm  ]  with  equilibrium 

c 

expansion  and  optimum  coefficient  H. 

Among  the  efficient  propellants  are  those  on  a  nitrogen  tri¬ 
fluoride  NP^  and,  in  particular,  tetrafluorohydrazine  NjP^  base 
using  hydrazine,  pentaborane,  and  liquid  hydrogen  as  the  fuels. 
However,  the  use  of  tetraf luorohydraz? is  hampered  by  its  high 
cost . 
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§10.6.  Selecting  the  optimum  oxidizer  excess  coefficient  a0H 

After  selecting  the  propellant  components,  we  calculate  the 
optimum  value  of  the  coefficient  for  the  propellant  component  ratio 
h  or  the  coefficient  a  .  In  these  calculations  we  find  the  maximum 

OK 

of  the  expression 

The  engine  specific  impulse  and  the  propellant  density  depend 
on  the  coefficient  aoH,  i.e.,  Iyflh  =  f(<*OK)  and  pT  *  f(aQH). 

The  specific  impulse  has  maximum  value  with  an  excess  of  fuel, 
i.e.,  when  o  <  1,  and  not  with  a  stoichiometric  propellant  com- 
ponent  ratio,  since  with  a  fuel  excess  the  combustion  products  con¬ 
tain  an  increased  amount  of  gases  with  low  molecular  mass  (CO,  H 2, 
and  others)  compared  with  the  content  of  gases  with  higher  molecular 
mass  (C02,  H20,  and  others).  In  addition,  when  aQK  <  1  the  tempera¬ 
ture  of  the  combustion  products  is  lowered,  which  results  in  de¬ 
creased  expenditure  of  chemical  energy  of  the  propellant  on  disso¬ 
ciation.  Chamber  cooling  is  facilitated  at  the  same  time:  it  is 
easier  to  cool  a  chamber,  using  a  greater  fuel  flow,  in  which  at  the 
same  time  the  combustion  products  have  reduced  temperature. 

As  the  temperature  of  the  combustion  products  increases,  the 
value  of  the  coefficient  aQH  for  which  maximum  specific  impulse  is 
assured  decreases. 

Usually  the  oxidizer  density  is  greater  then  that  of  the  fuel, 

i.e.,  p  >  p  .  Therefore,  with  decreasing  coefficients  a  and  n 
ok  r  OH 

the  density  of  the  propellant  pT  decreases. 

Because  of  the  influence  of  propellant  density,  the  value  of 
the  coefficient  a  for  which  maximum  characteristic  velocity  of 

OK 

the  rocket  vehicle  is  achieved  is  shifted  from  the  value  of  the 
coefficient  a  corresponding  to  the  maximum  specific  impulse, 

O  K 

toward  lower  values . 
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The  optimum  values  of  coefficients 
a  and  H  also  depend  on  the  gas  e  .pansion 

O  K 

ratio  e  .  For  a  chamber  with  a  large  gas 

expansion  ratio  «0Hi0nT  *•'  1  (usually 

o  *  0.95-0.98)  as  a  result  of  the 

ok • onT 

more  complete  recombination  reactions . 

Table  10.8  gives  the  values  of  the  coef¬ 
ficient  h  used  for  certain  LPRE  propel¬ 
lants  . 

§10.7.  Liquid  monopropellants 

The  most  widely  used  LPRE  monopropel¬ 
lants  are  hydrogen  peroxide  and  hydrazine,  substances  which  can  de¬ 
compose  with  the  release  of  heat  in  the  presence  of  a  catalyst. 

A  high-concentration  (90-98)0  aqueous  solution  of  hydrogen  per¬ 
oxide,  when  used  as  a  monopropellant,  assures  an  LPRE  specific  im¬ 
pulse  of  1500-1900  N*s/kg  [*150-190  kgf»s/kg];  here  the  vapor-gas 
temperature  in  the  decomposition  chamber  is  875-1250°K.  With  great 
expansion  of  the  hydrogen  peroxide  decomposition  products  in  the 
chamber  nozzle  the  water  vapors  condense,  which  causes  a  certain 
lowering  of  the  engine  specific  impulse. 


Table  10.8.  Value*  of  coefficient 
h  for  certain  propellant!  used  In 
LPRE'a 


Propellant 

oxldlxer 

futl 

X 

O, 

H, 

4,50-5,50 

O, 

Kdroaena 

2,20-2,31 

0, 

NH* 

1,25 

F, 

Hj 

8,00-12,00 

N*0« 

H,N— NH(CH,) 

1,64—2,54 

n2o4 

AeroxliM-50 

1,50-2,00 

85* 

HjOj 

Kerosene 

«.2 

Hydrazine  is  a  more  efficient  monopropellant  than  hydrogen  per¬ 
oxide  is.  It  decomposes  on  heating  to  750°K,  forming  the  gaseous 
products  NH^,  H2,  and  N2  (with  complete  decomposition  —  only  H2  and 


The  hydrazine  decomposition  products  have  rather  high  tempera¬ 
ture  (to  1475°K),  low  molecular  mass,  and  do  not  tend  to  condense. 
Hydrazine  assures  an  engine  specific  impulse  of  2200-2400  N*s/kg 
[*220-240  kgf *s/kg] . 

Monopropellant  LPRE's  operating  on  hydrogen  peroxide  or  hydra¬ 
zine  have  lower  specific  impulse  but  their  operational  reliability 
is  higher  than  bipropellant  LPRE's.  Therefore,  hydrogen  peroxide 


30 


or  hydrazine  are  usually  used  as  propellants  for  auxiliary  LPRE's 
with  low  thrusts,  including  those  in  satellites  and  space  vehicles. 

In  particular,  we  should  note  the  creation  of  a  hydrazine  liquid 
retrorocket  engine  with  multiple  ignition  and  variable  thrust 
developed  in  the  US  for  a  soft  landing  on  Mars  [1]. 

The  addition  of  nitric  acid  or  hydrazine  nitrate  NgH^NO^  (com¬ 
ponents  with  oxidizing  properties)  to  hydrazine  increases  the  engine 
specific  impulse  and  the  density  of  the  propellant,  and  also  lowers 
the  freezing  point  (e.g.,  to  253°K  [-20°C]  with  the  addition  of  2k% 
n2h5no3). 

A  monopropellant  blend  of  75%  NgH^,  2k%  NgH^NO^,  and  1*  H20 
assures  an  engine  specific  impulse  of  up  to  2600  N*s/kg  [*»260  kgf* 
•s/kg]  and  a  density  of  1110  kg/m^,  i.e.,  the  power  characteristics 
are  close  to  the  mean-power  bipropellants  of  the  type  +  aerozine- 

50. 


Table  10.9'.  Certain  characteristics  of  LPRB's  operating 
on  bipropellants 


Upper  Halt 

T a 

xy4.n  “  *  »-81  *•** 

[10  kgf/ea*] 

propellant 

of  theraal 
stability 
teaperature 

•K 

N*s/kg 

kgf*s/kg 

80*  H,Ot 

r  ^ 

1150 

1765 

ISO 

98*  H,Oi 

383 

1240* 

1893* 

193* 

NaH* 

533 

1345*' 

2422** 

247** 

H»H*(751)  ♦  NtHiNOi 
(2*1)  ♦  H,0  U!) 

491 

1615** 

2569** 

262** 

•The  valuta  art  (Ivan  considering  condensation  of  water  vapors  as  they 
■ova  through  the  nossls. 

•  •The  values  are  given  for  the  condition  that  *01  of  the  aaaonlua  that 
forms  decomposes  Into  nitrogen  and  hydrogen. 

Table  10.9  gives  the  values  of  Tk  and  I  n  for  LPRE's  opera¬ 
ting  on  various  monopropellants  [1]. 

In  monopropellant  LPRE's  it  is  possible  to  use  other  propellants 
including  ammonia,  UDMH,  isopropyl  nitrate  (CH^J^CHONOg,  and  others. 
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Products  of  the  decomposition  of  hydrazine,  hydrogen  peroxide, 
and  UDMH  are  also  used  as  the  gaseous  working  fluid  for  the  turbine 
In  bipropellant  LPRE’s  with  pump  feed. 

§10.8.  Metal- containing  fuels  and  tripropellants 

One  of  the  ways  to  increase  LPRE  specific  impulse  and  propel¬ 
lant  density  is  to  use  metals  (Li,  Be,  Al,  Mg),  their  hydrides  (LiH, 
BeH^,  and  others),  and  also  boron.  They  can  be  used: 

a)  in  the  form  of  a  suspension  or  a  colloidal  solution  of  metal 
in  fuel; 

b)  in  the  form  of  a  third  component  stored  in  a  separate  tank 
and  fed  to  the  chamber  along  a  separate  line. 

For  each  propellant  we  must  select  the  type  of  metal  and  its 
optimum  content.  For  example,  to  the  propellant  0 2  +  H2  it  is  ad¬ 
visable  to  add  beryllium,  while  lithium  can  be  added  to  F2  +  H,,. 

The  component  ratios  of  the  propellants  02  +  Be  +  H2  and  F2  +  Li  + 

+  H2  are  best  selected  such  that  the  chemical  reaction  occurs  between 
the  oxidizer  (02,  F2)  and  the  metal  (Be,  Li),  while  the  hydrogen  is 
used  as  an  inert  working  fluid,  lowering  the  molecular  mass  of  the 
gases  discharging  from  the  nozzle. 

In  place  of  the  propellant  F2  +  Li  +  H2  we  can  use  F2  +  LiH  + 

+  H2;  lithium  hydride  evaporates  better  than  lithium. 


After  methods  have  been  developed  for  stabilizing  liquid  ozone, 
the  most  powerful  chemical  propellant  will  probably  be  0^  +  Be  +  H2. 

The  use  of  propellants  with  metal-containing  fuels  is  hampered 
by  the  following. 

1.  The  difficulties  in  mixing  metal  powders  and  liquid  fuels, 
particularly  cryogenic,  fuels. 

2.  The  metal  particles  settle  during  shipment  and  with  pro¬ 
longed  storage.  It  is  possible  to  mix  the  fuel  and  the  powdered 
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metal  directly  at  the  launch  site,  but  this  presents  great  opera¬ 
tional  inconveniences.  The  particles  settle  to  a  lesser  extent  with 
an  increase  in  viscosity  and  density  of  the  fuel  (e.g.,  with  the 
addition  of  wax  or  paraffin) ,  and  also  with  a  decrease  in  the  par¬ 
ticle  dimensions  (to  1-40  pm). 

3.  The  production  of  powder  metals,  especially  beryllium  (i.e.. 
Be  and  BeH2  powder),  is  complex  and  expensive.  In  addition,  powdered 
Be  and  BeHg  are  highly  toxic,  which  eliminates  the  possibility  of 
using  them  as  additives  to  the  fuel  for  engines  of  the  first  stages 
of  booster  rockets. 

4.  When  a  metal-containing  fuel  is  fed  to  the  chamber,  the  in¬ 
jectors  may  become  clogged.  Certain  difficulties  are  caused  in  the 
organization  of  combustion  of  metal  particles. 

When  a  tripropellant  is  used  the  metal  can  be  fed  to  the  chamber 
in  atomized  form,  e.g.,  by  a  compressed  inert  gas.  Tests  of  an  ex¬ 
perimental  chamber  operating  on  the  tripropellant  P2  +  Li  +  Hg  with 
10-12)1  Li  yielded  a  vacuum  specific  impulse  of  more  than  5000  N*s/kg 
0500  kgf*s/kg]  [1].  The  metal  can  be  introduced  into  the  chamber 
along  a  separate  line  or  directly  in  the  form  of  a  finely-disperse 
powder  which,  however,  involves  great  difficulties. 

The  disadvantages  of  LPRE's  using  tripropellants  is  the  com¬ 
plexity  of  design  and  chamges  in  the  operating  mode. 

The  use  of  metal-containing  fuels  and  tripropellants  leads  to 
an  increase"  in  heat  flows  to  the  chamber  walls,  which  complicates 
chamber  cooling  and  increases  the  requirements  on  the  structural 
materials.  LPRE's  operating  on  such  propellants  are  most  advan¬ 
tageously  used  for  space  vehicles  and  the  last  stages  of  boosters. 


CHAPTER  XI 

HEAT  TRANSFER  AND  LPRE  COOLING 
§11.1.  Forms  of  transfer  of  heat  flows 


During  operation  of  most  rocket  engines,  the  walls  of  their 
chambers  receive  a  considerable  amount  of  heat  from  the  products  of 
combustion  or  decomposition  of  the  propellant  components  or  the 
products  of  heating  of  the  working  fluid.  To  assure  reliable  oper¬ 
ation  of  the  chamber,  and  the  engine  as  a  whole,  this  heat  must  be 
removed  in  some  manner  or  other. 

Quantitatively,  the  transmission  of  heat  (also  called  heat 
transfer )  is  determined  by  the  values  of  the  heat  flux  and  the 
specific  heat  flux. 

The  heat  flux  is  the  quantity  of  energy  transmitted  in  the 
form  of  heat  per  unit  time  across  any  surface  F.  The  heat  flux  is 
measured  in  watts  [Joules/second;  kilocalories/second]  and  is 
designated  by  the  letter  Q. 

The  specifics  heat  flux  (or  the  heat  flux  density)  is  the  heat 
flux  arriving  per  unit  surface  area.  The  specific  heat  flux  char¬ 
acterizes  the  intensity  of  heat  transfer;  it  is  designated  by  q. 


Consequently, 

q«f.  (ll.D 

2  2 

The  specific  heat  flux  has  the  dimensions  W/m  [J/s‘m  j  kcal  per 
hr*m2] . 


The  region  of  the  nozzle  throat  is  the  most  thermally  stressed. 
For  certain  types  of  LPRE’s  the  specific  heat  flux  in  this  section 
reaches  70*10^  W/m2  [60.2*10^  kcal/hr»m2]. 

The  heat  fluxes  can  be  transmitted  by  convection,  thermal  ra¬ 
diation,  and  thermal  conductivity  of  the  medium  (substance)  (for 
more  detail  see  [17]  and  [18]). 

The  specific  oonveotion  flux  is  designated  QK0H,  while  the  ra¬ 
diation  flux  is  q  . 

n 

The  relative  values  of  convection  and  radiation  fluxes  in 
various  types  of  rocket  engines  differ  significantly. 

In  the  chambers  of  LPRE’s  with  a  cooling  lobp,  the  basic  form 
of  heat  transfer  is  convection  heat  fluxes  from  the  combustion  pro¬ 
ducts  to  the  inner  wall  of  the  chamber,  and  from  it  to  the  coolant 
(a  propellant  component). 

Heat  transfer  by  means  of  thermal  radiation  is  of  much  less 
significance  in  LPRE’s.  However,  the  final  sections  of  the  nozzles 
of  certain  LPRE's  have  no  cooling  loops.  The  thermal  regime  of  this 
section  of  the  nozzle  is  determined  by  the  heat  transfer  from  the 
combustion  products  to  the  nozzle  wall  and  radiation  heat  transfer 
from  the  wall  into  the  surrounding  space  and  to  the  combustion  pro¬ 
ducts  . 

Nuclear  rocket  engines  [NRE]  and  electrothermal  Jet  engines 
[ETJE]  are  characterized  by  higher  gas  temperatures  than  for  chemi¬ 
cal  engines.  Therefore  the  role  of  radiation  noticeably  increases 
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in  NRE’s  and  ETJE's.  In  addition,  convection  heat  transfer  performs 
the  complex  task  of  removing  heat  from  the  fuel  elements  to  the 
working  medium. 

Electric  rocket  engines  [ERE]  are  distinguished  by  the  very  low 
pressure  of  the  plasma  in  their  chambers.  Therefore,  the  convection 
heat  fluxes,  which  depend  on  the  pressure  of  the  gas  in  the  chamber, 
are  also  low  and  the  thermal  regimes  of  these  engines  are  determined 
basically  by  radiation  fluxes  from  the  plasma  to  the  chamber  walls 
and  from  them  to  outer  space. 

SI 1.2.  Convection  heat  transfer 

Let  us  examine  the  equations  from  which  we  can  determine  the 
specific  convection  flux  from  the  gas  to  the  wall  surface  and  from 
the  wall  to  the  coolant. 

Let  us  introduce  the  following  designations  of  the  parameters 
for  a  chamber  with  a  cooling  loop: 

T  -  the  gas  recovery  temperature,  determining  the  heat 

transfer  from  the  gas  to  the  wall; 

T  _  —  the  temperature  of  the  heated  (heat-receiving)  surface 
of  the  i.Tier  chamber  wall; 

T  -  the  temperature  of  the  cooled  (heat-giving)  surface  of 
the  inner  chamber  wall; 

Tqx  -  temperature  of  the  coolant  flowing  through  the  cooling 

loop; 

q  -  the  specific  convection  heat  flux  transmitted  from 

the  gas  to  the  heated  surface  of  the  inner  wall; 

q  -  specific  convection  heat  flux  transmitted  from  the 
o .  n 

cooled  surface  of  the  inner  wall  to  the  coolant; 

a  -  coefficient  of  convection  heat  transfer  from  the  gas  to 
h  •  n 

the  heated  surface  of  the  inner  wall; 


a  „  —  coefficient  of  convection  heat  transfer  from  the  cooled 
o .  n 

surface  of  the  inner  wall  to  the  coolant. 

The  coefficient  of  convection  heat  transfer  expresses  the  quan¬ 
tity  of  heat  transmitted  by  convection  across  a  unit  surface  per  unit 
time  for  each  degree  of  difference  of  wall  and  fluid  temperatures ; 
this  coefficient  has  the  dimensions  W/m  *deg  [kcal/hr*m  ‘deg]. 

Therefore,  the  specific  flux  q  is  calculated  from  the 

H  OH  t  H 

equation 


^koiiji  On.n  (  7"r*i.»  T «.»)  •  (11.2) 

while  the  specific  flux  qQ  n  is  calculated  from  the  equation 

(TV.— r.j.  (11.3) 

Temperature  T_„„  „  is  somewhat  lower  than  the  gas  stagnation 
temperature,  since  part  of  the  heat  released  during  stagnation  of 
the  gas  in  the  boundary  layer  is  removed  from  it  by  convection  and 
thermal  conductivity. 

All  the  difficulties  involved  in  calculating  convection  heat 
transfer  reduce  to  determining  the  heat-transfer  coefficients  a  „ 
and  aQ  n<  Tney  are  calculated  using  the  dependence  among  dimen¬ 
sionless  criteria  —  the  Nusselt,  Reynolds,  and  Prandtl  criteria: 

Nn=/(Re,  Pr).  (11.4) 

These  criteria  determine  the  nature  of  the  change  in  velocity 
a-d  temperature  in  the  boundary  layer,  which  influences  to  a  con¬ 
siderable  extent  the  convection  h'  t  transfer. 

Use  of  dependence  (11.4)  for  heat  transfer  between  combustion 
products  of  an  LPRE  chamber  and  its  wall  gives  the  following  formula 
for  calculating  heat-transfer  coefficient  ou  : 

(11.5) 
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where  is  a  set  of  thermophysical  properties  of  the  combustion 
products,  a  function  of  their  composition  and  temperature;  a  is  a 
dimensionless  coefficient,  taking  into  account  the  influence  of  the 
change  in  temperature  and  Mach  number  M  with  boundary  layer  height; 
m  is  the  per-second  mass  flow  rate  of  the  combustion  products;  and 
d  is  the  chamber  diameter. 


The  coefficient  a  _  depends  on  the  product  pW,  and  increases 
with  it.  This  is  explained  by  the  fact  that  with  increasing  gas  den¬ 
sity  the  number  of  gas  particles  per  unit  volume  increases,  while 


FlS<  11.1.  Or«pl»  of  tht  dis¬ 
tribution  of  specific  best 
fluxes  q£,  qK0H,  end  qfl  slon* 

the  cheater. 


with  an  increase  in  gas  velocity  the  number  of 
gas  particles  reaching  the  wall  per  unit  time 
increases.  With  convection  heat  transfer, 
heat  is  transported  by  the  particles.  There¬ 
fore,  with  increasing  gas  density  and  velocity 
the  process  of  heat  transfer  from  the  gas  to 
the  wall  becomes  more  intense,  i.e.,  the 
values  of  a  _  and  increase.  The  pro- 

duct  pW  has  maximum  value  at  the  throat  (see 


§4.5);  consequently,  the  values  of  a  and  q„„u  are  also  maximum 

H  •  n  K  OH ■ H 

in  this  section  (Pig.  11.1). 


Use  -.if  dependence  (11.4)  for  heat  transfer  between  the  wall  and 
tha  coolant  with  high  heat-flux  values  characteristic  of  LPRE  cham¬ 
bers  gives  the  following  formula  for  calculating  heat-transfer  coef¬ 
ficient  a  : 

a.n 

'ST'  <u-6> 

or,  considering  equation  (4.9) » 


(11.7) 


where  B2  is  a  set  of  thermophysical  properties  of  the  coolant,  a 
function  of  the  type  of  coolant  and  its  temperature;  S  is  a  coef¬ 
ficient  which  takes  into  account  the  change  in  thermophysical  prop¬ 
erties  of  the  coolant  with  boundary  layer  height;  m  ,  p„  ,  and  W _ 

*  ox  ox  ox 
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are  the  per-second  mass  flow  rate,  the  density,  and  the  velocity  of 
the  coolant,  respectively;  fQ>T  is  the  area  of  the  cooling-loop 
cross  section;  drMfl  is  the  hydraulic  (equivalent)  diameter  of  the 
cooling  loop,  defined  by  the  equation 

~ir  • 

where  n  is  the  total  (wetted)  perimeter  of  the  cooling-loop  cross 
section. 

S11.3.  Radiation  heat  transfer 

Solids  emit  and  absorb  waves  of  all  lengths,  from  X  ■  0  to 
A  *  ®,  i.e.,  their  radiation  is  characterized  by  a  oontinuoue 
spectrum. 

Gases  emit  and  absorb  electromagnetic  energy  only  within  spe¬ 
cific  wavelength  bands  AX,  i.e.,  the  radiation  and  absorption  of 
gases  are  characterized  by  a  so-called  line  spectrum.  Such  radia¬ 
tion  and  absorption  are  called  eeleotive .  The  simpler  the  structure 
of  the  molecule  or  atom,  the  more  clearly  expressed  is  the  line 
structure  of  the  radiation  spectrum,  and  the  more  necessary  it  is 
to  consider  such  spectral  structure  when  calculating  radiation. 

Selective  radiation  is  completely  inherent  in  the  working  media 
of  ERE's,  i.e.,  the  monatomic  gases  cesium,  lithium,  argon,  etc.; 
it  is  very  difficult  to  calculate  their  radiation.  However,  calcu¬ 
lations  that  have  been  done  show  a  sharp  increase  in  radiant  fluxes 
qfl  with  increasing  temperature  of  the  gases. 

Of  the  gases  making  up  the  combustion  products  of  chemical  pro¬ 
pellants,  energy  is  mainly  radiated  and  absorbed  by  the  polyatomic 
gases  having  asymmetric  molecular  structure,  mainly  water  vapor  H20 
and  carbon  dioxide  CO^.  The  radiating  capacity  and  absorptivity  of 
monatomic  and  diatomic  gases  can  be  disregarded. 

Solids  usually  radiate  and  absorb  energy  on  the  surface,  while 
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gases  radiate  and  absorb  throughout.  Therefore,  the  radiating  capa¬ 
city  and  absorptivity  of  gases  containing  HgO  and  C02  are  determined 
not  only  by  the  gas  temperature  and  the  H20  and  C02  partial  pres¬ 
sures,  but  also  by  the  shape  of  the  combustion  chamber;  the  latter, 
in  turn,  is  characterized  by  the  mean  free  beam  path  l. 

The  radiation  of  water  vapor  and  carbon  dioxide  is  subject, 
with  certain  allowances,  to  the  Stefan-Boltzmann  law;  to  calculate 
the  radiation  heat  flux  from  these  gases  to  the  chamber  wall  we 
can  use  the  equation 


(n.8) 

where  e„„  „  is  the  effective  degree  of  blackness  of  the  heated  sur- 
face  of  the  inner  chamber  wall;  e_„  and  e*  are  the  degrees  of 
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blackness  of  the  gas  at  temperatures  Tr„  and  T  .  respectively. 
cQ  is  the  radiation  coefficient  of  an  absolutely  black  solid,  equal 
to  5.67  W/m2*deg1<  [4.96  kcal/hr*m2*deg1*]. 

The  value  ,  is  a  function  of  the  degree  of  blackness  of 
the  wall  and  the  gas  (e„„  and  e,.a„,  respectively).  The  value  of 

CT  I  33 

ecT,  determined  by  the  material  of  the  wall  and  the  state  of  its 
heated  surface,  is  taken  from  tables  [173. 

The  value  of  e___  for  combustion  products  containing  water 

1  33 

vapor  and  carbon  dioxide  is  equal  to 

trt»'=s*HlO  +  «CO>--tHlO*CO,.  (11.9) 

The  presence  of  the  last  term  in  (11.9)  is  explained  by  the  partial 
mutual  absorption  of  HgO  and  C02  radiation. 

The  values  of  and  £qq2  are  functions  of  the  temperature  of 

the  gas  and  of  the  product  of  its  partial  pressure  times  the  mean 
free  beam  path  Z,  while  the  values  of  eH  Q  are  also  functions  of  the 
pressure  of  the  combustion  products  p^.  Special  graphs  [173  are 
used  to  determine  £jj2q  and 
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The  distribution  of  specific  radiation  heat  fluxes  q^  along  the 
chamber  is  shown  in  Pig.  11.1;  they  are  maximum  in  the  combustion 
chamber,  since  in  it  the  pressure  (and,  consequently,  the  values 
pH20  and  PC02^  and  teraPei>ature  Tra3  have  maximum  values. 

Considering  the  approximate  nature  of  the  radiation  calcula¬ 
tions,  it  is  recommended  that  q^  be  calculated  only  for  the  flow 
core  in  the  combustion  chamber  (let  us  designate  this  value  by  qn  ), 
while  the  values  of  q„  in  the  other  sections  are  taken  as  follows: 

1)  directly  at  the  fire  plate  of  the  head 

<7*  “0.8  qMM\ 

2)  in  the  section  50-100  mm  from  the  fire  plate  to  the  conver¬ 
gent  part  of  the  nozzle  with  diameter  d  =  1.2dHp,  the  value  of  qfl  is 
constant  and  equal  to  q„  : 

JI  •  K 


3)  at  the  throat 


?*“O,50ajc{ 


4)  in  the  divergent  part  of  the  nozzle  with  diameter  d  *  1.5d  , 

Hp 


5)  in  tbe  last  section  of  the  nozzle  with  diameter  d  *  2.5d„_, 

Kp 


0. 02q 


Connecting  these  points  with  a  smooth  curve  we  get  the  distri¬ 
bution  of  the  radiation  heat  flux  along  the  chamber. 

With  a  combustion-product  temperature  of  2000°K,  qfl  is  small 
compared  with  the  specific  convection  flux  qu„„  .  but  with  a  com- 
busti on-product  temperature  of  3000-4000°K,  qfl  can  reach  30 of  the 
total  heat  flux  to  the  wall. 

111. 4.  Heat  transfer  due  to  thermal  conductivity  of  the  wall 
material 

If,  as  the  engine  operates,  there  is  assured  in  some  manner  or 
other  a  difference  of  the  chamber  wall  surface  temperatures,  heat 
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is  transmitted  through  the  wall  because  of  the  thermal  conductivity 
of  the  wall  material.  In  this  case  the  specific  heat  flux  is  de¬ 
termined  from  the  equation 

(li.io) 

where  <5ct  is  the  wall  thickness;  Act  is  the  coefficient  of  thermal 
conductivity  of  the  wall  material,  characterizing  its  capability  to 
conduct  heat. 


With  identical  wall  thickness  6CT,  to  assure  a  given  flux  q£ 
through  the  wall  the  required  wall-temperature  difference  is  the 


less,  the  greater  the  coefficient  A 


On  the  other  hand,  with  a 


small  coefficient  Act  the  wall-temperature  aifference  TH<n  -  T0>n 
can  be  rather  great  on  a  thin  chamber  wall.  For  example,  with  a 

fi  P 

moderate  specific  heat  flux  through  a  wall  qcJ  m  11.6*10°  W/m 
[10*10^  kcal/hr*m2]  the  difference  in  temperatures  on  a  wall  1  mm 
thick  made  of  stainless  steel  is 


_ t  _ y«»tr _ 11.1 

h.«  ‘  o.« — r  • 


6.10M-10-* 

23.3 


>500  deg. 


Of  all  materials,  except  for  the  noble  metals,  pure  copper  has  the 
ux  highest  thermal  conductivity  coefficient. 

°*dJ* _•  — -  For  copper  containing  impurities,  and  for 

3 to - - alloys  of  copper  with  other  metals  (e.g., 

370  bronze  of  some  composition  or  other),  ‘.he 

250  - —  — 

,  _  value  of  A  is  noticeably  lower. 


X0  100  iOO  MOTH  M0  /"H 


200  m-ipa  BOOTH  too  r*K 


11.2.  Dapandanca  of  tht 
ccafflclent  of  thermal  con¬ 
ductivity  for  pur*  copper  (1) 
and  stainless  ataai  (2)  oa 
temperature. 


The  coefficient  of  thermal  conductivity 
of  metals  and  other  materials  is  a  function 
of  their  temperature.  Figure  11.2  shows 
graphs  A  *  f(T)  for  pure  copper  and  stain¬ 
less  3teel. 


Taking  this  dependence  into  account,  the  coefficient  of  thermal 
conductivity  in  (11.10)  mU3t  be  taken  at  the  average  wall  tempera- 

tUT6  *  • 
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511.5.  Characteristics  of  heat  transfer  through  a  chamber  wall 

During  engine  operation,  the  chamber  walls  I’eceive  both  convec¬ 
tive  as  well  as  radiant  heat  fluxes.  Therefore,  the  total  specific 
heat  flux  entering  the  chamber  walls  is 

*7'  011.11  (11*11) 

The  specific  heat  flux  „  can  also  be  written  as  follows: 

h  •  n 

(lnn  —  a*.»iTtM—TH4U),  (11.12) 

where  a'  „  is  some  effective  heat-transfer  coefficient  which  takes 
h  .  n 

into  account  both  convection  as  well  as  radiation  heat  transfer 
between  the  combustion  products  and  the  wall. 


On  the  basis  of  equations  (11. 2>,  (11.11),  and  (11.12),  the 

heat-transfer  coefficient  a*  is  equal  to 

h  •  n 


a«.u  —  a«.n  ' 


'  ru.»“ 


(11.13) 


The  graph  of  the  distribution  of  the  total  specific  heat  flux 
qj,  along  the  chamber  is  shown  in  Fig.  11.1.  Because  of  the  influ¬ 
ence  of  the  radiant  flux,  the  maximum  of  the  total  specific  heat 
flux  is  shifted  somewhat  from  the  critical  section  toward  the  cham 
ber  head.  From  the  graph  in  Fig.  11.1  it  follows  that  the  region 
of  the  critical  section  is  the  most  thermally-stressed  section  of 
the  chamber;  therefore,  reliable  cooling  of  it  causes  great  diffi¬ 
culties. 


The  heat  fluxes  entering  the  walls  from  the  combustion  products 
pass  through  the  wall  and  are  transmitted  to  the  coolant  flowing 
through  the  cooling  loop. 

At  the  start  of  engine  operation,  the  coolant  is  transmitted 
not  the  entire  heat  flux  entering  the  wall  from  the  combustion  pro¬ 
ducts,  but  only  part  of  it;  the  rest  is  used  to  heat  the  chamber 
walls,  as  a  result  of  which  the  chamber  wall  temperature  continually 
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increases.  As  the  wall  temperature  increases,  that  part  of  the  heat 
flux  expended  on  heating  the  walls  continually  decreases.  Conse¬ 
quently,  the  initial  period  of  engine  operation  is  characterized  by 
a  nonsteady-state  cooling  regime.  If  specific  conditions  are  satis¬ 
fied,  after  a  certain  period  of  time  (for  an  LPRE  chamber  this  is 
short)  equilibrium  is  established.  It  is  characterized  by  the  fact 
that  the  entire  heat  flux  entering  the  wall  from  the  combustion 
products  is  transmitted  from  the  wall  to  the  coolant.  Therefore, 
if  we  consider  that  the  areas  of  the  heated  and  cooled  wall  surfaces 
are  equal  to  ®ne  another,  the  following  equality  is  guaranteed: 


?M-?et-?o.n=COnst. 

Over  the  entire  section  of  heat-flux  transfer  —  from  the  boun¬ 
dary  layer  of  the  combustion  products  to  that  of  the  coolant  —  a 
constant  temperature  distribution  is  established  (Pig.  11.3),  such 


that  the  temperatures  T 

h  •  n 

T  ,  and  T  remain  constant 
□ .  n  ox 


the  boundary  layers  for  various  gas,  cool¬ 
ant,  and  inner-wall  parameters 

Therefore,  equations  (11.12), 
in  the  following  form: 


despite  the  presence  of  the 
heat  flux.  Consequently,  in 
this  case  a  steady-state  chamber 
cooling  regime  is  assured.  This 
heat  flux,  with  a  steady-state 
cooling  regime,  will  henceforth 
be  designated  qj,,  by  analogy 
with  equation  (11.11).  Conse¬ 
quently, 

ft. 

(11.10),  and  (11.3)  can  be  written 


=  °**  (  T rl».»  7* *.»)♦ 
9**=Ta(7',.,-r0,); 

®c? 

Qt  “®o.n  (^Vn””  T 

From  this. 


'!  K.n8^  T m.t 


(11.14) 


rK., 

T 

•  o.t 


r=r 

*  «.U  *  %  * 


~T  .lJL. 

—  1  '<t  I  „  * 
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Substituting  (11.16)  into  (11.15)  we  get 

~  ,  it  ,  Hltr 


(11.15) 

(11.16) 


(11.17) 


The  above  equations  are  conveniently  used  for  analyzing  the  in¬ 
fluence  of  various  parameters  on  the  chamber  cooling  regime.  A 
change  of  any  of  these  parameters  causes,  to  some  extent  or  other, 
a  change  in  the  graph  of  temperature  distribution  in  the  boundary 
layer  on  the  part  of  the  combustion  products,  and  throughout  the 
wall  and  in  the  boundary  layer  on  the  part  of  the  coolant  (see 
Pig.  11.3). 


For  example,  i«*  the  temperature  of  the  combustion  products 

T_„„  is  increased,  temperatures  T  _  and  T  „  rise  (see  curves  1 

and  2),  with  a  simultaneous  increase  in  temperature  Tqx.  If  the 

wall  material  is  replaced  by  a  material  having  a  higher  coefficient 

of  thermal  conductivity  XcT,  temperature  TR  R  drops  but  temperature 

T  rises  somewhat  (see  curves  3  and  4).  The  same  effect  is  ob- 
o  •  n 

served  with  a  decrease  in  the  thickness  of  the  inner  wall  6ct>  If, 
in  some  manner  or  other  (e.g.,  by  increasing  the  coolant  velocity 
WQX),  the  removal  of  heat  fluxes  from  the  wall  to  the  coolant  is 
intensified,  temperatures  T  „  and  T  _  simultaneously  drop  (see 
curves  2  and  3). 


As  can  be  seen  from  equations  (Il.l4)-(ll.l6) ,  the  difference 
in  temperatures  and,  consequently,  the  slope  of  the  temperature  dis¬ 
tribution  curve  decrease 

a)  for  the  boundary  layer  of  the  combustion  products,  in  which 

their  temperature  drops  from  Tra3<B  to  TH>f)  -  with  a  decrease  in  q^ 

and  an  increase  in  the  heat-transfer  coefficient  a*  _j 

•  h  •  n 
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b)  for  the  wall  -  with  an  Increase  in  the  coefficient  of  thermal 
conductivity  of  its  material  A._; 

C  T 

c)  for  the  coolant  boundary  layer,  in  which  its  temperature  drops 

from  T„  to  T  -  with  a  decrease  in  q„  and  an  increase  in  the 
o.n  ox 

heat-transfer  coefficient  a 

o .  n 

The  influence  of  the  parameters  of  the  combustion  products, 
wall,  coolant,  and  cooling  loop  on  the  cooling  regime  will  be  ex¬ 
amined  in  greater  detail  in  §§11.7-11.9. 

§11.6.  Requirements  on  the  engine  chamber  cooling  system 

If  the  heat  fluxes  are  not  removed  from  the  wall,  within  a 
short  period  of  time  the  wall  overheats  and  there  is  an  inadmissible 
reduction  in  the  strength  of  the  material  of  which  it  is  made,  or 
burnout  occurs,  which  can  lead-  to  destruction  of  the  chamber. 

Because  of  the  high  velocity  of  the  combustion  products,  par¬ 
ticularly  in  the  expanding  part  of  the  nozzle,  the  chamber  walls  are 
subjected  to  erosion.  Wall  erosion  becomes  especially  noticeable 
during  overheating,  since  in  this  case  the  erosion  resistance  of  the 
material  decreases.  Therefore,  for  reliable  engine  chamber  opera¬ 
tion  the  temperature  of  its  walls  should  not  exceed  the  value  allowed 
for  the  selected  wall  material  based  on  strength  and  erosion-resis¬ 
tance  conditions,  i.e., 

while  for  a  chamber  with  external  circulating  cooling 

I'm  »  Inw* 

A  systfc..i  of  external  circulating  cooling  should  maintain  the 
following  standards. 

1.  The  temperature  of  the  cooled  surface  of  the  wall  T  „  in 
r  o.n 

all  sections  of  the  chamber  should  not  exceed  the  value  at  which  so- 
called  film  boiling  sets  in;  the  presence  of  film  boiling  leads  to 
a  substantial  decrease  in  the  heat  flux  from  the  wall  to  the  coolant, 
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and  to  its  burnout  (see  p.  53)* 

2.  The  temperature  of  the  coolant  should  not  reach  those  val¬ 
ues  at  which  it  begins  to  decompose  with  formation  of  solid,  resin¬ 
ous,  or  gaseous  decomposition  products.  Solid  and  resinous  par¬ 
ticles  are  deposited  on  the  wall,  forming  a  layer  with  a  low  coef¬ 
ficient  of  thermal  conductivity.  In  this  case,  heat  transfer  from 
the  wall  to  the  coolant  is  reduced,  causing  a  rise  in  the  tempera¬ 
ture  of  the  wall,  and  the  wall  can  burn  out.  In  addition,  solid 
and  resinous  particles  can  clog  the  openings  in  the  chamber  injec¬ 
tors,  which  is  not  permissible. 

With  overheating  of  certain  propellant  components  (H202, 

UDMH)  used  as  coolants,  effects  equivalent  to  explosions  can  occur. 

3.  For  LPRE's  operating  in  the  scheme  "liquid- liquid,"  the 
temperature  of  the  coolant  coming  from  the  cooling  loop  to  the 
chamber  injectors  should  not  exceed  the  boiling  point  of  the  cool¬ 
ant  ,  i .  e . , 

where  T  must  be  taken  for  the  pressure  of  the  coolant  at  the  exit 
Hun 

from  the  cooling  loop. 

If  the  condition  T  „  <  T  is  not  observed,  the  coolant  enters 

ox  nun 

the  j ejectors  as  a  vapor  or  emulsion.  In  this  case  the  operating 
regime  for  injectors  designed  to  atomize  the  liquid  is  abruptly  cur¬ 
tailed,  and  the  chamber  can  explode.  In  addition,  the  removal  of 
heat  is  sharply  reduced  from  those  sections  of  the  chamber  walls  to 
be  cooled  by  vaporized  coolant,  and  they  can  burn  out. 

M.  The  velocity  of  the  coolant  must  not  be  too  high.  As  it 
increases,  heat-transfer  coefficient  aQ  n  increases  and  temperature 
T  _  decreases  [see  equation  (11.17)],  but  there  is  a  simultaneous 
increase  in  the  required  power  of  the  system  for  feeding  the  pro¬ 
pellant  components  to  the  chamber  and,  consequently,  in  the  mass 
of  this  system. 
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5.  The  chamber  cooling  loop  should  be  practical  to  produce, 
i.e.,  its  dimensions  and  shape  should  be  such  that  no  great  diffi¬ 
culties  arise  in  serial  manufacture  of  the  chambers . 

§11.7.  The  influence  of  various  factors  on  the  heat  flux  from  the 
combustion  products  to  the  wall 

The  temperature  of  the  combustion  produote  has  a  substantial 
influence  on  the  values  of  qu„u  u  and  q„,  causing  them  to  increase 
as  it  increases,  which  is  evident  from  equations  (11.2)  and  (11.8). 
The  tendency  of  the  temperature  of  combustion  products  to  rise  in 
the  LPRE  chamber  is  due  to  the  use  of  more  efficient  propellants 
(with  high  heating  capacity)  to  obtain  high  specific  impulse.  An 
increase  in  specific  impulse  causes  a.  lowering  of  the  required 
flow  of  propellant  components,  bringing  about  additional  difficulties 
when  cooling  the  chamber,  since  the  coolant  is  one  of  the  propel¬ 
lant  components . 

The  coefficient  h  influences  the  heat  fluxes  through  the  tem¬ 
perature  of  the  combustion  products  and,  in  part,  through  their 
composition.  With  an  increase  in  the  deviation  of  coefficient  n 
from  the  stoichiometric  value,  the  heat  fluxes  from  the  combustion 
chamber  to  the  walls  are  reduced. 


The  values  of  QH0H>H  and  qfl  are  grehtly  influenced  by  the 
preoeure  p  .  The  dependence  of  heat  flux  „  on  pressure  pu 

c~n  be  shown  using  the  critical  section  as  an  example;  for  it,  in 
accordance  with  equation  (11.5) » 


‘n.n.i tpm 
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Substituting  into  this  equation  the  value  of  m  from  equation 

p 

(4. 14)  and  considering  the  relationship  fKp  *  ud^p/4,  after  certain 
transformations  we  get 
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(11.18) 


As  can  be  seen  from  equation  (11.18),  the  value  of  oi  u 

H  OH • H  •  H p 

and,  consequently,  the  value  of  qu„u  increase  with  a  rise  in 

HOH • H • Hp 

pressure  pu  to  the  0.8  power. 

The  value  of  q^  also  increases  with  increasing  pressure  pH  in 
connection  with  a  rise  in  the  partial  pressures  p,,Q2  and  PHzq  which 
determine  radiation  heat  transfer.  The  greater  the  heat  fluxes  to 
the  chamber  walls,  the  higher  the  temperature  of  the  coolant  flowing 
along  the  cooling  loop.  Consequently,  a  transition  to  higher  pres¬ 
sures  in  the  combustion  chamber  causes  increased  difficulties  in 
cooling  the  chamber.  This  dependence  holds  for  a  fixed  coolant  flow 
rate,  since  the  examined  increase  in  pu  is  achieved  by  decreasing 
the  area  of  the  critical  section,  not  by  increasing  the  flow  rate 
of  the  propellant  components  (and,  consequently,  the  coolant  flow). 

The  influence  of  the  total  heat-flux  q£  on  the  temperature  of 

the  heated  surface  of  the  chamber  wall  T  „  can  be  estimated  on  the 

h  .n 

basis  of  equation  (11.14).  With  increasing  q-  the  temperature  T  „ 
drops,  and  vice  versa;  in  the  limiting  case,  when  qj,  ■  0  (i.e.,  with 
no  heat  flux  through  the  wall),  temperature  T  _  becomes  equal  to 
the  temperature  of  the  combustion  products  Tpa3  Q.  Consequently, 
with  an  increase  in  q_,  temperature  T  „  drops,  if  we  consider  the 
temperature  of  the  combustion  products  T__„  as  constant. 

The  influence  of  the  rated  chamber  thruet  on  its  cooling  in¬ 
volves  the  fact  that  with  a  drop  in  thrust  there  is  a  directly 
proportional  decrease  in  flow  rate  of  the  propellant  components 
and,  consequently,  of  the  coolant.  The  chamber  surface  area  to  be 
cooled  decreases  to  a  lesser  extent.  Therefore,  it  is  extremely 
difficult  to  create  high-efficiency  LPRE’s  having  a  thrust  of  less 
than  500  N  050  kgf]  and  cooled  using  a  coolant  (particularly  with 
prolonged  engine  operation) . 

The  engine  operating  regime  influences  chamber  cooling  for  the 
reason  that  a  reduction  in  chamber  thrust  is  achieved  by  reducing 
the  flow  rate  of  the  propellant  components  (and,  consequently,  of 
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the  coolant);  here  there  is  a  significant  reduction  in  pu  and  u 

Consequently,  with  a  drop  in  pK  there  is  a  simultaneous  decrease  in 

■"OX  ^ 

In  accordance  with  equations  (11.18)  and  (4.14), 

4m...  —pl*  and  m„  ~  p„ 

i.e.,  with  a  drop  in  pressure  pu  the  coolant  flow  is  reduced  to  a 

greater  extent  than  is  the  convection  heat  flux.  In  addition,  with 

a  decrease  in  coolant  flow  there  is  a  reduction  in  the  velocity  of 

the  coolant  in  the  cooling  loop  and  a  drop  in  coefficient  ctQ  n. 

Therefore,  with  a  reduction  in  engine  thrust,  temperatures  T  _  and 

h  •  n 

T  _  increase  in  accordance  with  equations  (11.15)  and  (11.16). 

fj « n 

Consequently,  as  the  engine  thrust  is  decreased,  the  difficulties 
in  cooling  it  increase.  This  is  one  of  the  essential  drawbacks  of 
chambers  with  external  circulation  cooling. 

§11.8.  The  influence  of  the  parameters  of  the  inner  chamber  wall 
on  its  cooling 


The  influence  of  the  temperature  of  the  heated  chamber  wall 

urface  T  on  the  cooling  regime.  The  permissible  temperature 

T  is  determined  by  the  heat  resistance  of  the  material  of  the 
h  .  n 

inner  chamber  wall.  The  greater  the  temperature  T  _  that  can  be 
allowed,  the  lower  the  total  heat  flux  q^.  at  the  same  temperature 
T  [see  equation  (11.14)] j  here  the  required  value  of  the  coef- 

I  33  a  0 

ficient  a  decreases, 
o.  n 

In  §11.7  it  was  shown  that  if  we  set  T  *  T  then  q_  ■ 

H.n  ra3 . b  * 

=  0,  i.e.,  there  is  no  need  for  cooling  the  chamber  walls.  However, 
temperature  T__„  „  is  high  for  most  LPRE's  (T_=„  „  «  2800-4000°K) . 
Therefore,  temperature  T  must  be  lowered,  removing  heat  fluxes 
from  the  chamber  wall.  Equality  of  the  temperatures  of  the  combus¬ 
tion  products  and  the  wall  can  be  achieved  only  for  the  chamber  of 
monopropellant  LFRE’s. 
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The  influence  of  the  coefficient  of  thermal  conductivity  of  the 
inner  chamber  wall  material  XCT  on  the  cooling  regime.  As  the  coef¬ 
ficient  XcT  increases,  the  temperature  difference  TH<p  -  TQ>n  de¬ 
creases  ,  with  fixed  parameters  of  the  combustion  products  and  the 
coolant.  If  the  coolant  parameters  are  unchanged,  with  an  increase 
in  coefficient  XcT  the  temperature  Th  n  drops;  this  has  some  in¬ 
fluence  on  temperature  T  .  This  influence  is  explained  by  the 
fact  that  with  a  drop  in  temperature  T  ,  there  is  asLight  increase 

h  •  n 

in  heat  fluxes  q  and  q„,  which  leads  to  a  rise  in  coolant  tem- 

^koh.h  n ’ 

perature;  this  latter,  in  accordance  with  equation  (11.16),  leads  to 
a  rise  in  temperature  Tq  n< 

If  we  compare  two  inner  chamber  wall  materials,  where  Xcr2  > 

>  Xct1,  the  following  relationships  are  valid: 

The  higher  the  coefficient  XcT,  the  less  the  slope  of  the  line 
of  temperature  distribution  throughout  the  inner  wall  and  the  lower 
the  temperature  T  „  for  given  temperature  Tn  _.  Therefore,  for  the 
inner  chamber  wall  it  is  advisable  to  select  materials  with  as  high 
a  coefficient  of  thermal  conductivity  XDT  as  possible.  However, 
the  following  restrictions  must  be  considered  with  using  materials 
with  high  values  of  Xct. 

1.  With  an  increase  in  coefficient  the  temperature  dif- 

CT 

ference  T  -  T  decreases,  which  increases  the  danger  of  over- 
h  .  n  o .  n 

heating  of  the  cooled  inner  wall  surface.  Therefore,  in  a  number 
of  cases  this  temperature  difference  must  be  artifieally  increased; 
this  is  done,  as  will  be  shown  below,  by  Increasing  the  thickness 
of  the  inner  wall. 

2.  Usually,  materials  with  higher  XCT  have  lower  heat  resis¬ 
tance,  i.e.,  for  them  it  Is  necessary  to  select  lower  temperatures 

T  ,  in  connection  with  which  the  difficulties  in  cooling  the 

h  .  n 

chamber  increase. 
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Let  us  explain  this  influence,  using  as  our  example  chambers 
with  steel  and  copper  walls. 

The  permissible  temperature  for  copper  (575°K)  and  bronze 
(1075°K)  is  lower  than  for  stainless  steel  (1475°K).  Therefore, 
when  using  a  copper  or  bronze  wall  at  identical  temperature  T_=„  . 

the  total  heat  flux  q^.  increases,  i.e.,  a  greater  quantity  of  heat 
must  be  removed  from  the  wall  to  the  coolant.  The  required  value 
of  aQ  n  for  a  copper  wall  is  approximately  2. 0-2. 5  times  greater 
than  for  a  wall  of  stainless  steel  (for  identical  wall  thickness) 
[7]. 


Let  us  write  equation  (11.10)  in  the  following  form: 


(11.19) 


As  can  be  seen  from  equation  (11.19),  with  identical  thickness 
6ct  the  wall  can  pass  a  greater  heat  flj^c,  the  larger  the  product 
ActAT.  Calculations  show  that  with  identical  thickness,  a  wall  of 
copper  or  bronze  is  capable  of  passing  2. 5-3-0  times  greater  heat 
fluxes  than  a  wall  of  stainless  steel  can.  Therefore,  with  intense 
cooling  of  a  chamber  with  copper  walls,  an  fievated  boundary-layer 
temperature  is  permitted. 


The  influence  of  chamber  inner  wall  thickness  6  ,  on  the  cooling 

CT 

regime.  A  decrease  in  wall  thickness  6  influences  the  heat  trans- 

C  T 

fer  in  the  same  manner  as  an  increase  in  the  coefficient  of  thermal 
conductivity  A  .  In  accordance  with  equation  (11.19),  with  a  de- 
crease  in  thickness  (5  there  is  an  increase  in  the  heat  flux  which 

CT 

the  wall  can  transmit  with  the  identical  temperature  difference 


The  optimum  value  to  which  it  is  advisable  to  reduce  the  wall 
thickness  depends  on  the  total  heat  flux  q^..  With  increasing  qj.  the 
temperature  T  _  drops.  Therefore,  in  the  region  of  the  critical 
section,  in  which  the  heat  fluxes  have  maximum  value,  the  wall  is 
made  the  thinnest,  but  it  should  assure  the  required  chamber  strength 
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and  be  technologically  feasible. 


The  influence  of  the  temperature  of  the  cooled  wall  surface 
TQ<n  on  the  cooling  regime.  With  a  decrease  in  total  heat  flux  q£ 
the  temperature  T  rises,  approaching  the  temperature  T__  :  the 

value  of  T  rises  correspondingly  with  the  value  T  .  But  the 

value  of  Tq  is  limited  by  the  coolant  temperature.  Temperature 

TQ>n  can  exceed  the  coolant  temperature  only  by  some  slight  per¬ 
missible  value.  Otherwise,  decomposition  or  boiling  of  the  coolant 
can  occur.  Therefore,  with  low  heat  fluxes  q^,  and  high  temperature 
TH>n,  the  thickness  of  the  wall  must  be  increased  to  obtain  the  per¬ 
missible  temperature  T 

o  •  n 

To  exclude  the  possibility  of  the  coolant’s  boiling  on  the 

cooled  surface  of  th r  .-hamber  inner  wall,  temperature  T  should 

o  •  n 

be  below  the  boiling  point  of  the  coolant  at  the  given  pressure. 

However,  in  most  cases,  for  intensification  of  external  cir¬ 
culation  cooling  provisions  are  made  for  raising  the  temperature 
T0#n  10-55°  above  the  boiling  point  of  the  coolant,  which  leads  to 
the  coolant’s  starting  to  boil  on  the  cooled  wall  surface,  and  the 
formation  of  bubbles  (’’nucleate  boiling").  Because  of  flow  tur¬ 
bulence  of  the  coolant,  the  bubbles  are  removed  to  colder  layers, 
further  away  from  the  wall,  where  they  condense.  Therefore,  with 
nucleate  boili  j  the  heat  fluxes  are  removed  more  intensely  from 
the  wall  to  the  coolant;  with  unchanged  coolant  velocity,  the  heat- 
transfer  coefficient  a  _  increases  by  a  factor  of  two  or  more. 

However,  with  a  further  rise  in  temperature  T  above  the 

o.n 

boiling  point  of  the  coolant  there  is  an  abrupt  increase  in  the 
number  of  forming  bubbles;  they  cannot  be  washed  away  by  the  coolant 
and  condense  -a  its  colder  layers,  but  Join  together,  forming  a  con¬ 
tinuous  film  of  vapor  on  the  wall  surface  ("film  boiling").  In  this 
case  the  heat-transfer  coefficient  a  „  and  the  heat  flux  from  the 
wall  to  the  coolant  abruptly  decrease  (by  a  factor  of  10  or  more), 

resulting  in  an  inadmissible  rise  in  temperatures  T  and  T  and 

H.n  o.n 
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to  burnout  of  the  chamber  wall. 

§11.9.  The  influence  of  the  type  of  coolant  and  the  parameters  of 
external  circulation  cooling  on  the  chamber  cooling  regime 

For  efficient  external  circulation  cooling  of  the  chamber  it  is 
necessary  to  select  the  optimum  type  of  coolant,  the  optimum  tem- 
peratui  .■  at  the  inlet  to  the  cooling  loop,  and  also  the  most  suitable 
shape  for  the  cooling  loop  to  assure  the  necessary  distribution  of 
coolant  velocity  along  the  cooling  loop. 

The  Influence  of  the  type  of  coolant  on  the  cooling  regime. 
Analysis  of  equation  (11.7)  shows  that  the  heat-transfer  coefficient 
a  _  and,  consequently,  the  cooling  capacity  of  various  fluids  with 
an  identical  cooling  loop  depend  essentially  on  the  type  of  coolant. 
Given  the  coolant  velocity,  and  also  technologically  feasible  dimen¬ 
sions  and  shape  for  the  cooling  loop,  for  each  type  of  coolant  we 

can  determine  a  value  of  coefficient  a  „  called  the  available 

o.  n 

value;  let  us  designate  this  as  a  ^  . 

o.n.pacn 

The  required  value  of  the  coefficient,  ci  „  can  be  de~ 

1  o.n.noTp* 

termined  from  equation  (11.16),  substituting  in  it  the  permissible 

temperatures  T  „  and  T  . 

o .  n  ox 

Normal  cooling  is  assured  under  the  condition 

®o  a.pc*  °o  n.nttf * 

To  estimate  the  cooling  properties  of  a  coolant,  significant 
factors  include  the  value  of  the  specific  heat  of  the  coolant,  the 
temperature  range  of  its  liquid  state,  and  also  the  percentage  of 
coolant  in  the  propellant,  defined  by  coefficient  H. 

The  temperature  range  for  the  liquid  state  of  a  coolant  is  de¬ 
termined  by  the  difference  in  temperatures  T  ,  -  T  ;  the  boiling 

point  must  be  taken  for  the  pressure  of  the  coolant  in  the  cooling 
loop.  The  cooling  ability  of  a  coolant  increases  with  an  increase 
in  this  temperature  difference  and  the  specific  heat  of  the  coolant. 
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In  a  rocket  vehicle,  only  the  propellant  components  can  be  used 
for  external  circulation  cooling  of  the  chamber.  The  flow  of  propel¬ 
lant  components  (and,  consequently,  the  coolant)  restricted,  and 
besides,  not  all  components  have  sufficiently  good  cooling  properties. 

Of  all  fluids,  water  has  the  best  cooling  power.  The  heat- 
transfer  coefficient  aQ  of  nitrogen  tetroxide  and  nitric  acid  is 
1. 5-2.0  times  lower,  while  that  of  kerosene  and  UDMH  is  three  times 
lower,  than  that  of  water.  Ordinarily,  the  coolan-  for  an  LPRE 
chamber  is  the  fuel  (kerosene,  ammonia,  UDMH^  hydrogen,  etc.),  while 
if  the  fuel  does  not  guarantee  the  required  cooling,  the  oxidizer  is 
used  (e.g.,  nitric  acid,  nitrogen  tetroxide,  and  hydrogen  peroxide). 

The  advantage  of  using  the  oxidizer  as  the  coolant  is  that  its 
flow  rate  is  usually  2-4  times  that  of  the  fuel,  i.e.,  h  =  2-4.  How¬ 
ever,  if  the  oxidizer  is  used  as  the  coolant,  the  material  of  the 
inner  wall  should  be  stable  in  an  oxidizing  medium  at  elevated  tem¬ 
peratures  . 

The  influence  of  coolant  temperature  on  the  cooling  regime. 
Analysis  of  equation  (11.17)  shows  that  with  decreasing  coolant 
temperature,  the  temperature  of  the  heated  surface  of  the  inner 
wall  Th  n  also  drops;  this,  as  shown  in  §11.8,  is  desirable,  de¬ 
spite  a  slight  increase  in  the  total  heat  flux  q^.. 

The  coolant  temperature  can  be  lowered  by  reducing  the  value 
of  qj.  (see  §11.11).  It  can  be  supercooled  to  a  temperature  below 
that  of  the  ambient  medium,  using  a  special  system  included  in  the 
launcher. 

The  influence  of  coolant  velocity  on  the  cooling  regime.  The 

coolant  velocity  WQ><  determines,  to  a  considerable  extent,  the  heat- 

transfer  coefficient  a  _  [see  equation  (11.7)]  and,  consequently, 

the  heat  transfer  from  the  cooled  wall  surface  to  the  coolant.  In 

accordance  with  equation  (11.3)>  with  an  increase  in  coefficient 

a  the  value  of  q-  al3o  increases,  but  temperatures  T  _  and  T  _ 
o#n  l  o  •  n  h  •  n 
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are  lowered  (see  §11.8). 


The  velocity  of  the  coolant  in  the  chamber  cooling  loop  can  be 
increased  by  raising  its  per-second  flow  rate  jti  with  f  „  «*  const 
or  by  decreasing  the  area  of  the  throughput  section  of  the  cooling 
loop  fQ  T  with  mox  =  const.  Area  f  T  is  decreased  by  selecting 
the  appropriate  dimensions  and  shape  of  the  cooling  loop  (see  511.11). 

With  an  increase  in  coolant  velocity  there  is  an  increase  in 
the  hydraulic  resistance  of  the  cooling  loop  Ap„  _,  which  is  un- 

0  •  T  Q 

desirable.  Usually,  the  value  of  Ap„  is  5-20  bars  05-20  kgf/cnr]. 
Therefore,  it  is  important  to  select  the  optimum  coolant  velocity 
Wqx  in  various  sections  of  the  cooling  loop.  The  heat  fluxes  have 
maximum  value  in  the  critical  section,  and  velocity  Wqx  here  should 
be  maximum;  it  can  reach  50-60  m/s. 

The  Influence  of  the  area  of  the  cooled  surface  on  the  cooling 
regime.  If  we  disregard  the  thickness  of  the  inner  wall  ^CT»  then 
for  the  simplest  shape  of  the  cooling  loop  (an  annular  slot  between 
the  c  iter  and  inner  walls  of  the  chamber)  the  area  of  the  heated 
surface  of  the  inner  wall  Pu  _  is  equal  to  the  area  of  its  cooled 

Hall 

surface  F„  .  i.e.,  F  „  =  F„ 

o.n*  '  H.n  o.n 

Cooling  efficiency  can  be  increased  when  F„  „  >  F„  which  is 

O  a  ll  Hall 

assured  when  there  are  some  type  of  ribs  on  the  cooled  surface  of 
the  inner  wall  [7]. 

In  a  steady-state  cooling  regime  the  value  of  the  heat  flux, 
equal  to  the  sum  Q  +  Qn,  is  time  constant.  Therefore,  when 

Fa.n  *  PH.n  "e  have  the  inequality  q0.n  <  where  Q„.n  -  - 

”  ^HOH.H  + 

A  decrease  in  the  valuv.  of  qu  _  as  compared  with  q„  _  is  de- 

Hail  O  a  ll 

fined  by  the  relationship 


By  using  ribbing  on  tne  cooled  surface  of  the  inner  wall  we  can  in¬ 
crease  the  area  P  „  a  factor  of  1.4-1. 8  and  more  as  compared  with 

the  area  Fu  there  is  an  identical  decrease  in  the  required  value 
h  •  n 

of  the  heat-transfer  coefficient  a  „  as  compared  with  a  „  for  the 

o.n  r  a  .n 

simplest  shaped  cooling  loop  (without  ribbing). 

§11.10.  Calculating  coolant  heating  in  the  chamber  cooling  loop 

As  the  coolant  moves  along  the  chamber  cooling  loop  it  con¬ 
tinually  absorbs  the  heat  fluxes,  so  that  its  temperature  contin¬ 
ually  increases  along  the  loop  and  reaches  its  maximum  value  before 
entering  tn«=  chamber  head.  Depending  on  the  chamber  dimensions  and 
the  heating  capacity  of  th-  propellant,  the  cooling  temperature  in 
the  cooling  loop  is  raised  by  100-300°. 

The  heating  of  the  coolant  in  each  section  of  the  loop  is  de¬ 
fined  by  the  equation 


^*oj.*wx=*7'oj.»»"r  A  7*os.  (11-20) 

The  value  of  ATox  is  calculated  as  follows.  The  quantity  of 
heat  absorbed  by  the  coolant  in  the  i-th  section  of  the  chamber  is 

where  qy  is  the  total  specific  heat  flux  in  the  i-th  section,  de- 
i 

fined  by  the  graph  q^  *  f(Z)  (see  Pig.  11.1),  which  should  be  con¬ 
structed  ahead  of  time  based  on  results  of  calculating  the  heat 
fluxes  to  the  wall;  Fj  is  the  surface  of  the  wall  of  the  i-th  sec¬ 
tion,  through  which  ohe  heat  flux  is  transmitted  to  the  coolant. 

If  in  the  i-th  section  of  the  chamber  the  temperature  of  the 
coolant,  with  heat  capacity  cnu  at  flow  rate  iri  ,  increases  by  AT  ., 

□X  OX  OX1 

the  heat  flux  absorbed  by  the  coolant  in  the  given  section  can  be 
written  as  follows: 


Q, 


maxc.tb,T, 


Mi* 


(11.21) 


Consequently, 
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Q, 

ffimeax 


(11.22) 


The  heat  capacity  of  the  coolant  c3x  is  a  function  of  its  tem¬ 
perature,  which  changes  along  the  cooling  loop.  Therefore,  the 
heating  in  each  section  is  calculated  from  the  average  temperature 
of  the  coolant  by  the  method  of  successive  approximations;  in  the 
first  approximation  we  assume  that  the  coolant  temperature  along  the 
entire  length  of  the  given  section  is  constant  and  equal  to  its  tem¬ 
perature  at  the  inlet  to  the  given  section. 


is 


The  temperature  of  the  coolant  at  the  exit  from  the  cooling  loop 


*—Tn 


^QilCoii 

x.‘^X _ 


Temperature  T  v  in  most  cases  should  not  exceed  the  boiling 

OX*  BHX 

point  of  the  coolant;  the  latter,  as  already  indicated,  should  be 
selected  for  the  pressure  of  the  coolant  at  the  exit  from  the  loop. 


I 

i 


I 
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On  the  basis  of  equation  (11.21),  the  maximum  heat-absorption 
capacity  of  the  coolant  is 

** (  ^\n.#***"*  T os.»ft<|)*  (  11  •  23  ) 

Examination  of  (11.23)  lets  us  Indicate  the  following  ways  for 
increasing  the  heat-absorption  capacity  of  the  coolant: 

a)  lower  the  temperature  T  „  i.e.,  use  a  coolant  in  the 

supercooled  state; 

b)  use  both  propellant  components  as  the  coolant. 

In  a  number  of  cases,  with  insufficient  heat- absorption  capa¬ 
city  of  the  coolant  we  seek  ways  of  lowering  the  heat  fluxes  to  the 

i-i 

chamber  walls,  i.e.,  reduce  the  value  of 

/•t  • 
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§11.11.  Structural  features  of  chamber  cooling  systems 

In  the  previous  sections  we  examined  basically  external  cir¬ 
culation  cooling.  Using  this  cooling  method,  the  heat  fluxes  are 
removed  from  the  chamber  walls  using  a  coolant  flowing  through  a 
cooling  loop  of  some  shape  or  other.  After  leaving  the  loop  the 
coolant  (propellant  component)  passes  through  the  chamber  head  into 
the  combustion  chamber. 

External  circulation  cooling  is  also  called  regenerative 
Iclosed-cyole ]  cooling,  since  practically  all  the  heat  entering 
the  inner  wall  and  removed  from  it  by  the  coolant  is  returned  to 
the  combustion  chamber  and  efficiently  used  (regenerated).  In  ad¬ 
dition,  preheating  of  the  propellant  component  facilitates  its 
more  rapid  evaporation  and  more  complete  combustion  in  the  chamber. 

External  circulation  cooling  is  only  comparatively  rarely  used 
in  its  pure  form.  Usually  the  chamber  as  a  whole,  or  at  least  some 
part  of  it,  is  additionally  cooled  by  some  other  method.  Such 
cooling  is  called  combination  (hybrid)  cooling. 

As  an  example,  we  have  cooling  of  the  main  part  of  the  chamber 
by  external  circulation  cooling,  while  the  nozzle  tip  is  cooled  by 
radiation. 

Design  of  the  chamber  cooling  loops 

The  efficiency  of  external  circulation  cooling  depends  essen¬ 
tially  on  the  dimensions  and  shape  of  the  cooling  loop;  these  should 
assure  the  required  values  for  coolant  velocity  and  heat-transfer 

coefficient  a  „  along  the  loop, 
o .  n 

We  distinguish  two  types  of  cooling  loops: 

a)  a  smooth  annular  cooling  loop  in  which  the  outer  and  inner 
walls  of  the  chamber  are  not  connected  along  the  chamber; 

b)  a  cooling  loop  with  ribbing  (fins),  in  which  the  outer  and 
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inner  walls  of  the  chamber  are  connected 
by  some  type  of  fins  along  the  entire 
chamber. 

A  amooth  annular  cooling  loop  (Pig. 
11.4)  is  of  simple  design  and  has  low 
hydraulic  resistance.  Such  a  loop  can 
be  used  for  low  pressures  and  rather 

Cooling  loops  with  ribbing  are  very  efficient.  Loops  with 
ribbing  and  axial  movement  of  the  coolant  include  the  following: 

a)  a  loop  with  longitudinal  fins; 

b)  a  loop  with  a  spacer  having  longitudinal  corrugations; 

c)  a  loop  made  of  longitudinal  pipes,  welded  together  on  their 
sides . 

Loops  with  ribbing  and  helical  movement  of  the  coolant  include 
those  with  helical  fins  and  those  formed  by  helical  pipes. 

If  the  inner  and  outer  walls  are  interconnected,  the  outer  wall 
is  relieved  of  much  of  its  load.  Chambers  with  such  a  cooling  loop 
are  strong  and  rigid,  which  makes  it  possible  to  use  thin  walls  with 
relatively  high  pressure  in  the  cooling  loop.  It  is  easier  to  assure 
high  coolant  velocity  in  ribbed  loops  than  In  smooth  annular  loops. 

In  §11.9  it  was  shown  that  fins  increase  the  heat-transfer  coef¬ 
ficient  aQ  n.  Channels  (longitudinal  or  helical)  distribute  the 
coolant  more  uniformly  across  the  loop.  Therefore,  ribbed  cooling 
loops  are  widely  used  in  LPRE  chambers,  despite  their  design  com¬ 
plexity. 

Loops  with  longitudinal  fins  (Fig.  11.5a)  are  made  by  milling 
the  longitudinal  fins  on  the  outer  surface  of  the  inner  chamber 
wall  and  then  connecting  the  tops  of  the  fins  to  the  outer  wall 
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Fig.  11. 4.  Chamber  with  smooth 
annular  cooling  loop  (6  -  height 
of  the  cooling- loop  channel). 


high  coolant  flow  rates . 
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by  seam  welding  or 
brazing. 
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/a  earn 


Pig.  11.5.  Chambers  with  milled  longitudinal  channels  (a) 
and  corrugated  spacer  (b). 


.  ”  *  *  The  loop  with 

a)  B'B  (  b)  B‘B  Brased 

*  r1  -"-/seam  a  corrugated  spacer 

$>5*  (Pig.  11.5b)  consists 

of  the  outer  and  in- 
nox*  walls  with  a 

Pig.  11.5.  Chambers  with  milled  longitudinal  channels  (a)  * 

and  corrugated  spacer  (b).  spacer  and  longi¬ 

tudinal  corrugations 

inserted  into  the  annular  space  between  them.  The  tops  of  the  cor¬ 
rugations  are  brazed  to  the  walls.  The  corrugated  spacer  makes  it 
possible  to  separate  the  coolant  flow  into  two  flows,  thus  increasing 
the  velocity  of  the  coolant.  In  addition,  in  this  case  the  collector 
for  the  coolant  (fuel)  is  located  not  at  the  nozzle  tip  but  approxi¬ 
mately  in  the  middle  of  the  expanding  part  of  the  nozzle,  which  de¬ 
creases  the  length  of  the  line  feeding  the  fuel  to  the  chamber.  In 
such  a  cooling  loop  a  small  portion  of  tb?  coolant  (20-30$)  flows 
along  the  channels  formed  by  the  spacer  and  the  outer  chamber  wall, 
up  to  the  outlet  section,  and  then  along  the  channels  formed  by  the 
spacer  and  the  Inner  wall,  toward  the  critical  section.  The  main 
portion  >f  the  flow  passes  immediately  to  the  critical  section  along 
the  channels  formed  by  the  spacer  and  the  outer  wall.  Both  flows 
converge  in  a  special  collector  at  the  inlet  to  the  critical  section 
and  then  uniformly  enter  the  channels  between  the  spacer  ;and  the 
outer  wall,  and  also  between  the  spacer  and  the  inner  wall. 


Loops  made  of  longitudinal  pipes 
(Fig.  11.6)  are  a  version  of  the  ribbed 
cooling  loop.  The  most  widely  used 
shape  of  the  pipe  cross  section  is  rec¬ 
tangular  or  trapezoidal  with  rounded 
edges.  The  pipes  are  shaped  around 
the  chamber  profile.  The  pipes  have 
differing  widths  and  cross-sectional 
areas . 


.Brazed 

\aeam 


Fig.  11.6.  Chamber  brand  of  shaped 
longitudinal  pipe*  and  wound  with  a 
layer  of  wir*.  \ 


The  ends  of  the  pipes  aie  welded  into  collectors  for  feeding 
and  removing  the  coolant.  One  of  the  advantages  of  the  pipe  chamber 
is  the  possibility  of  introducing  the  coolant  into  the  loop  and'  re¬ 
moving  the  coolant  from  it  at  the  same  end.  In  such  a  chamber  the 
feed  and  discharge  collectors  are  iocated  at  the  chamber  head.  The 
coolant  makes  two  passes:  in  each  neighboring  pair  of  pipes  the 
coolant  passes  along  one  pipe  from  the  head  to  the  nozzle,  and  in 
the  other  pipe  -  in  the  opposite  direction. 

The  longitudinal  walls  of  the  pipes  are  brazed  together, 
forming  the  chamber  wall. 

To  increase  the  strength  of  pipe  chambers,  several  shrouds 
(reinforcing  rings)  are  positioned  along  them,  or  the  chamber  is 
wound  with  bands  or  wires  of  steel  or  high-strength  alloys,  or 
fiberglass. 

Pipe  chambers  are  very  strong  and  rigid  with  relatively  small 
mass;  they  can  be  reliably  cooled  as  a  result  of  the  ribbing  and 
the  thin  walls.  In  chambers  with  ribs  or  corrugated  spacers  the 

solder  can  flow  into  the  channels  and  clog 
them,  while  in  pipe  chambers  this  drawback 
is  eliminated  because  of  the  location  of 
the  welded  seams  outside  the  coolant  channels. 

Loops  with  helioal  ahannela  (Pig.  11.7) 
are  used  in  cases  when  loops  with  longitud¬ 
inal  channels  do  not  assure  the  required 
heat-transfer  coefficient  a  .  The  helical  channel  can  be  single- 
or  multiple-entry.  The  effect  of  using  helical  channels  is  that  for 
identical  values  of  channel  height  and  coolant  flow  rate,  the  velocity 
is  greater  than  that  in  a  longitudinal  channel;  this  difference  in¬ 
creases  with  a  decrease  in  the  number  of  entries.  In  addition,  the 
surface  of  the  fins  in  a  loop  with  helical  channels  is  also  larger 
han  in  a  loop  with  longitudinal  channels,  which  Increases  the 
efficiency  of  cooling  even  more. 


Pig.  11.7-  Chanber  with  a  cooling 
loop  having  helical  channels* 
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However,  the  cooling  loop  with  helical  channels  is  character¬ 
ized  by  high  hydraulic  resistance  and  complications  in  making  the 
channels,  particularly  in  chamber  sections  with  variable  cross  sec¬ 
tion.  Therefore,  such  cooling  loops  are  used  on  only  the  most 
thermally-stressed  parts  of  the  chamber,  mainly  the  region  of  the 
critical  section. 

Chambers  with  helical  pipes  have  not  been  widely  accepted  be¬ 
cause  of  the  considerable  hydraulic  resistance  and  the  difficulty 
of  assuring  a  smooth  contour  of  the  inner  surface  (along  the  genera¬ 
trix  of  the  chamber) . 


Methods  of  reducing  heat  fluxes  to  the  chamber  wall 


Heat  fluxes  from  the  combustion  products  to  the  chamber  wall 
can  be  reduced  by  using  internal  cooling  or  a  layer  of  heat-insula- 
ting  material  coated  onto  the  inner  surface  of  the  chamber  wall. 

Internal  cooling .  Cooling  in  which  the  coolant  is  introduced 
into  the  chamber  and  creates  a  boundary  layer  of  gas  with  reduced 
temperature  is  called  internal,  or  film,  cooling. 


For  the  required  lowering  of  the  boundary- layer  temperature, 
the  flow  rate  of  the  fed  fuel  is  less  than  the  required  oxidizer 

flow.  This  can  be  explained  by  the  greater 
steepness  of  the  curve  of  the  function  T, 
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gion  a  >  1  (Fig.  11.8).  In  addition,  the 
working  conditions  of  a  heated  surface  of 
the  chamber  wall  are  better  in  a  reducing 
than  an  oxidizing  medium. 


The  coolant  used  for  internal  cooling 
should  have  high  heat  capacity  in  the  liquid  and  gaseous  states, 
and  also  high  values  of  the  boiling  point,  the  heat  of  evaporation, 
and  dissociation. 
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The  efficiency  of  internal  cooling  increases  if  only  gaseous 
products  with  low  molecular  mass  are  formed  upon  decomposition  of 
the  coolant.  A  number  of  fuels  (Hg,  NH^,  MMH,  and  others)  satisfy 
this  requirement  to  a  considerable  extent.  The  chemical  energy  of 
the  propellant  component  that  is  excess  in  the  boundary  layer  is 
not  completely  used.  Therefore,  internal  cooling  decreases  the 
specific  impulse  of  the  chamber  to  a  certain  extent. 

The  coolant  used  for  internal  cooling  (the  fuel)  is  fed  onto 
the  heated  surface  of  the  chamber  wall  by  the  following  methods: 

a)  through  auxiliary  fuel  injectors  located  on  the  periphery 
of  the  chamber  head;  b)  through  screen  bands;  and  c)  through  bands 
of  porous  inserts. 

The  first  method  is  the  simplest,  designwise;  it  is  usually 
used  in  combination  with  the  second  method  (with  the  screen  band) . 
This  is  explained  by  the  fact  that  the  boundary  layer  with  excess 
coolant  is  displaced,  as  it  moves  from  the  head  to  the  nozzle,  with 
the  combustion  products. 

Usually,  there  are  no  more  than  three  screen  bands;  they  are 
positioned  ahead  of  the  thermally-stressed  sections  of  the  chamber, 

primarily  at  the  nozzle  inlet  and  ahead 
of  the  critical  section. 


The  screen  bands  consist  of  a  number 
of  fine  and,  for  the  most  part,  tangential 
(to  the  chamber  cylinder)  openings  located 
about-  the  periphery  in  a  given  section  of 
the  chamber,  or  an  annular  slot  (Fig.  11.9). 

The  coolant  is  fed  to  the  openings  of 
the  bands  directly  from  the  cooling  loop 
or  the  collector,  to  which  special  lines  are  fed  (see  Fig.  11.9). 

In  the  latter  case,  the  screen  ring  has  two  groups  of  openings 


ns-  XI. 9-  DUsruu  Of  coolant  Input 
to  tha  chaabar  fop  aattlng  up  lntarr.al 
coollns:  «  -  thtoagk  the  band  of 
la  tha  iaaat  walls  k  - 
tktawgh  tka  slotted  actaaa  kaadi  c  - 
tkra«|k  openings  la  tka  actaaa  tins. 

1  —  actaaa  ting:  2  —  longitudinal 
openings;  )  -  actaaa  collectet;  4  - 
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staggered  about  the  periphery.  The  coolant  is  fed  into  me  chamber 
through  the  radial  (or  tangential)  openings,  those  of  the  screen 
band.  Axial  openings  (in  Pig.  11.9c  the  dashed  line  shows  one  such 
opening)  assure  coolant  flow  along  the  cooling  loop  through  the 
screen  ring. 

Low-thrust  LPRE  chambers  (50-5000  N  [*5-500  kgf]),  including 
those  with  multiple  ignition,  can  also  be  cooled  by  internal  cool¬ 
ing  (without  external  circulation  cooling).  The  cooling  efficiency 
depends  on  the  properties  of  the  propellant  components  (particularly 
the  component  used  as  the  coolant),  and  also  on  the  heat  resistance 
of  the  chamber  wall  material.  The  lower  the  temperature  of  the  com¬ 
bustion  products,  the  more  efficient  the  coolant  and  the  lower  the 
required  coolant  flow  rate  and  its  associated  losses  in  specific 
impulse. 

The  terminal  section  of  the  nozzle  of  the  chamber  of  certain 
LPRE ' s  (e.g.,  the  F-l)  is  cooled  by  the  working  fluid  of  the  tur¬ 
bine,  which  is  introduced  into  the  nozzle  through  a  collector  which 
is  far  enough  away  from  the  outlet  section  of  the  nozzle  to  assure 
that  the  pressure  of  the  working  fluid  will  be  greater  than  that  of 
the  combustion  products  in  the  given  nozzle  section.  Gas  is  fed 
from  the  collector  to  the  nozzle  through  several  slotted  screen 
bands  or  bands  with  tangential  openings  (tangential  gas  feed  in- 
creasas  cooling  efficiency). 

With  screen  cooling,  the  terminal  section  of  the  nozzle  can  be 
made  of  ordinary  stainless  steel,  including  those  for  LPRE's  with 
multiple  ignition  and  a  considerable  total  operating  time.  A  cer¬ 
tain  disadvantage  of  such  cooling  is  the  need  for  raising  the  pres¬ 
sure  at  the  turbine  exit,  which  reduces  the  power  developed  by  it 
(3ee  §13.13). 

The  coolant  can  be  fed  into  the  chamber  through  a  *:all  made  of 
a  porous  material.  In  this  case  the  coolant,  under  ..sure,  con¬ 
tinuously  enters  the  numerous  fine  pores  uniforml;  tributed 
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throughout  the  wall  and  creates,  on  the  heated  wall  surface,  a  layer 
of  liquid  or  vaporized  coolant.  Such  cooling  is  called  porous. 

The  difficulties  in  creating  a  chamber  with  porous  cooling  are 
explained  by  the  complexities  in  obtaining  uniform  wall  porosity, 
the  low  strength  of  porous  materials,  and  the  possibility  that  the 
pores  will  become  clogged  during  engine  operation.  Therefore,  it 
is  advisable  to  use  such  cooling  only  for  chambers  that  have  high 
thermal  stresses. 

Coating  a  layo.fi  oi  heat- insulating  material  on  the.  inne.fi  sufi- 
hace.  o{>  the  ehambefi.  The  effect  created  by  using  a  layer  of  heat- 
insulating  material  as  a  supplement  to  external  circulation  cooling 
is  as  follows.  If  the  heat-insulating  materials  have  a  high  melting 
point,  there  can  be  high  heating  of  the  surface  of  its  layer  in  con¬ 
tact  with  the  combustion  products ,  which  decreases  the  heat  fluxes 
to  the  wall  and  heating  of  the  coolant  in  the  cooling  loop.  In 
addition,  because  of  the  low  coefficient  of  thermal  conductivity, 
the  temperature  of  the  layer  of  heat-insulating  material  drops  ab¬ 
ruptly  with  thickness.  Therefore,  the  temperature  of  the  wall  sur¬ 
face  onto  which  this  layer  is  coated  is  noticeably  lower  than  that 
of  a  chamber  without  heat  insulation  (Fig.  11.10). 

Heat-insulating  materials 
include  the  oxides  of  refractory 
metals  (zirconium  dioxide  Zr02, 
magnesium  oxide  MgO,  aluminum 
oxide  AlgOg)  and  their  carbides, 
molybdenum  disulfide  MoSi2,  etc. 

The  thickness  of  a  layer  of 
such  materials,  applied  most  often 
by  the  method  of  plasma  spraying, 
is  0. 3-0.6  mm.  For  better  adhesion  of  the  layer  to  the  chamber  sur¬ 
face,  the  surface  is  first  coated  with  a  sublayer  of  chromium  or 
nickel  up  to  0.1  mm  thick. 


Pig.  11.10.  Graphs  of  the  distribution 
of  temperature  throughout  the  mall  of  a 
chamber  with  and  without  a  layer  of  ther¬ 
mal  Insulation. 
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Heat-insulating  coatings  of  zirconium  dioxide  and  molybdenum 
disulfide  are  the  ones  that  have  been  best  developed. 

The  heat-insulating  layer  operates  under  severe  conditions . 
Therefore,  it  is  very  difficult  to  create  a  chamber  with  a  layer  of 
heat  insulation;  cracks  and  pitting  often  occur  in  a  number  of 
sections  of  such  a  layer.  Coating  a  layer  of  heat  insulation  onto 
the  inner  surface  of  the  chamber  complicates  its  manufacture  and 
increases  its  cost  and  mass. 


Other  methods  of  .cooling  chamber  walls 

Let  us  examine  ablation  and  radiation  cooling  of  the  terminal 
section  of  a  nozzle  or  of  the  entire  chamber. 

Ablation  cooling.  Ablation  cooling  is  the  name  given  to  cooling 
accomplished  by  a  layer  of  material  coated  onto  the  inner  surface  of 
the  chamber  and  subjected  to  so-called  ablation  during  chamber  oper¬ 
ation.  Ablation  is  a  complex  group  of  processes  occurring  with  the 
absorption  of  heat  and  leading  to  destruction  of  the  surface  layer. 
Such  processes  include  those  with  phase  conversions  (melting,  vapor¬ 
ization,  sublimation)  and  decomposition  processes;  the  heat  expended 
on  these  processes  is  called  the  heat  of  ablation.  Ablation  results 
in  the  formation  of  gaseous  and  solid  products  which  create  a  boundary 
layer  with  reduced  temperature  and  are  carried  off  by  the  flow  of  the 
combustion  products.  Therefore,  the  thickness  of  the  layer  of  mater¬ 
ial  coated  onto  the  wall  continually  decreases  during  chamber  oper¬ 
ation. 

Material  subjected  to  ablation  is  called  ablating  (or  disinte¬ 
grating)  material. 

The  heat  fluxes  entering  the  layer  of  ablating  material  are 
used  basically  to  support  ablation,  so  that  the  heat  flux  that  passes 
through  the  layer  of  ablating  material  is  not  great.  A  relatively 
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low  temperature  (several  hundreds  of  degrees),  depending  on  the 
composition  of  the  ablating  material,  is  established  on  the  surface 
of  this  layer. 

The  ablating  material  can  be  fibers  or  fabric  made  of  silicon 
oxide,  graphite,  carbon,  asbestos,  or  quartz  impregnated  with 
phenolic  resin.  Chambers  with  ablation  cooling  have  a  number  of 
advantages  over  chambers  with  external  circulation  cooling,  including 

a)  the  absence  of  a  cooling  loop,  which  simplifies  chamber  de¬ 
sign,  lowers  the  hydraulic  losses  in  the  line  of  one  of  the  propel¬ 
lant  components,  and  reduces  the  possibility  of  its  freezing  in  outer 
space; 

b)  the  permissibility  of  a  substantially  greater  change  in  coef¬ 
ficient  h,  the  temperature  of  the  propellant  components,  and  the  pres¬ 
sure  of  the  combustion  products  (and,  consequently,  chamber  thrust) 
under  reliable  cooling  conditions. 

However,  chambers  with  ablation  cooling  have  the  following  in¬ 
herent  and  substantial  drawbacks: 

a)  limitation  on  the  value  of  specific  impulse;  as  it  increases 
the  thickness  (and,  consequently,  the  mass)  of  the  layer  of  ablating 
material  should  be  increased; 

b)  limitation  on  the  engine  operating  time;  a  thick  layer  of 
ablating  material  is  required  for  prolonged  engine  operation; 

c)  the  need  for  considering  an  increase  in  nozzle  cross-sec¬ 
tional  area  (particularly  the  throat)  caused  by  decreased  thickness 
of  the  layer  of  ablating  material. 

Ablation  cooling  is  mainly  used  for  chambers  with  low  thrust 
and  pressure  p  . 

H 

Radiation  cooling.  With  radiation  cooling,  the  heat  from  the 
chamber  walls  is  removed  to  the  ambient  space  by  radiation.  The 
heat  fluxes  passing  through  the  wall  of  such  a  chamber  and  radiated 


into  ambient  space  are  comparatively  low.  Therefore,  in  accordance 
with  equation  (11.14),  the  wall  can  have  a  rather  high  temperature 
(up  to  1800°K  and  higher). 

Chambers  with  radi*;'5on  cooling  are  characterized  by  long  (up 
to  60  seconds  and  longer)  periods  of  operation  in  the  nonsteady-state 
cooling  regime.  At  the  end  of  this  period,  equilibrium  temperature 
of  the  wall  is  established,  since  the  heat  fluxes  entering  the  wall 
and  removed  from  it  are  equal. 

The  use  of  radiation  cooling  in  a  number  of  cases  makes  it  pos¬ 
sible  to  substantially  decrease  the  mass  of  the  chamber  (compared 
not  only  with  other  chambers  but  also  with  a  chamber  having  ablation 
cooling),  particularly  with  prolonged  engine  operation  time. 

Disadvantages  of  radiation  cooling  include  the  need  for  using 
expensive  refractory  alloys  from  which  it  is  difficult  to  make 
parts.  In  addition,  these  alloys  are  brittle  and  chemically  are  not 
very  stable  to  combustion  products.  To  prevent  oxidation  of  such 
alloys  by  the  combustion  products,  the  inner  wall  of  the  cnamber  is 
coated  with  a  special  covering;  e.g. ,  a  wall  of  niobium  alloy  is 
coated  with  a  layer  of  organosilicon  compounds. 

In  a  number  of  cases,  the  coating  not  only  protects  the  wall 
surface  against  oxidation  but  increases  its  radiating  capacity, 
which  makes  it  possible  to  additionally  lower  the  wall  temperature. 
Such  properties  are  exhibited,  in  particular,  by  a  layer  of  aluminum 
oxide  coated  onto  the  surface  of  a  nickel-alloy  wall. 

Uncool&d  chamber  with  mcutivz  wall & .  Normal  chamber  operating 
conditions  can  be  assured  by  utilizing  the  heat  capacity  of  the  wall 
material.  If  the  chamber  wall  has  great  mass  and  its  material  has 
high  heat  capacity  and  thermal  conductivity,  the  wall  can  absorb 
heat  fluxes  distributed  over  the  entire  mass  until  the  temperature 
of  the  wall  reaches  the  maximum  value  allowed  for  the  given  material. 
Such  chambers  (they  are  also  called  uncooled,  or  cooled  using  "sponge’1 
cooling)  are  used  mainly  in  bench-tesu  LPRE’s. 


CHAPTER  XII 


THE  CHAMBERS  OF  L I 'VJ ID- PROPELLANT  ROCKET  ENGINES 

§12.1.  The  general  characteristics  of  chambers 

The  LPRE  chamber  is  its  basic  and  most  thermally-stressed  unit; 
to  a  considerable  extent  it  determines  the  development  and  reliability 
of  the  engine  and  the  power  plant  as  a  whole. 

The  chamber  of  an  LPRE  operating  on  the  scheme  w liquid- liquid” 
consists  of  a  head,  a  combustion  chamber,  and  a  nozzle. 

The  head  should  introduce  the  propellant  components  into  the 
chamber  such  that  the  chemical  reactions  of  their  interaction  occur 
completely  and  within  a  short  period  of  time. 

Vaporization,  blending  of  the  propellant  components,  and  their 
combustion  (decomposition)  occur  in  the  combustion  (decomposition) 
chamber .  The  volume  of  the  combustion  chamber  should  be  as  small  as 
possible,  but  sufficient  to  assure  complete  combustion  of  the  pro¬ 
pellant  components  before  entering  the  nozzle.  The  combustion- 
chamber  volume  is  measured  from  the  inside  (fire  plate)  of  the  head 
to  the  critical  section.  The  length  of  the  combustion  chamber  also 
influences  the  completeness  of  burning  cf  the  propellant  components, 
but  to  a  lesser  extent  than  does  the  volume. 
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The  nozzle  accelerates  the  combustion  products  up  to  maximum 
velocity  to  produce  high  chamber  specific  impulse. 

The  most  widely  used  type  of  chamber  for  bipropellant  LPRE's 
operating  on  the  scheme  '•liquid-liquid"  is  a  cylindrical  chamber 

with  a  cooling  loop  and  a  head  having  three 
r  faces  (Pic;.  12.1).  The  oxidizer  is  fed  through 

}  inlet  pipe  1  to  cavity  a  between  the  outside  of 

D,  J  J  jx*  the  head  2  and  the  head  midsection  3;  from  here 
ji  it  goes  through  injectors  11  into  the  combustion 

))  chamber. 

a>  J  \~~6  The  fuel  passes  through  inlet  pipes  ( 

\  U  (there  are  usually  two  of  them)  into  collector 

ffl  yf-a  8  which  is  usually  positioned  some  distance 

II  |  U  away  from  the  nozzle  outlet  section  (see  §11.11). 

.  0 - 1 - Plowing  along  the  collector,  the  fuel  enter's 

cylindrical  ?ba&“  with  cooling  loop  c  formed  by  outer  wall  5  and  inner 

a  cooling  loop:  X  -  hnftt 

xx  -  coakuatica  ckaakcn  wall  6  of  the  chamber.  The  fuel  flow  is  divided 

XXX  -  ionic:  1  -  MUiMt 

k»df  ’‘i'iuH.!"!!1!!  °f  into  two  parts :  the  main  portion  is  fed  to  the 

chamber  head,  while  the  remainder  goes  to  swivel 

wall;  »  -  lour  will:  7  — 

!-{“!  collector  9  at  the  end  of  the  nozzle;  the  col- 

ia}ictor*^i*c— "iaiiiiir1!!-  lector  turns ,  and  the  fuel  is  fed  along  the  ap- 

Jactar. 

propriate  channels,  also  to  the  head.  From  the 
cooling  loop  the  fuel  is  fed  to  cavity  b  between  head  midsection  3 
and  fire  plate  i|,  and  from  this  cavity  it  goes  through  injectors  10 
into  the  combustion  chamber. 

The  chamber  of  LPRE's  operating  on  the  scheme  "gas-liquid"  and 
"gas-gas"  consists  of  a  head,  an  afterburner  (in  some  cases  a  com¬ 
bustion  chamber),  and  nozzle. 

As  was  shown  in  §9.1>  for  the  scheme  "gas-liquid"  the  after¬ 
burner  is  fed  generator  gas  and  the  liquid  propellant  component, 
while  for  the  scheme  "gas-gas"  it  is  fed  the  reducing  and  oxidizing 
gases  from  the  liquid  gasifier. 


rig.  12.1*  Dlagria  of  ft 
eyltndrlcftl  chinber  with 
ft  cooling  loop:  X  —  kiifts 
XX  —  coftkuitloa  ckiakir: 

XXX  -  ionic;  1  -  ciKlaor 
lilot  pipe;  2  —  outildo  at 
knft  |  1  -  aldioitloi  at 
knd;  ft  -  lnUi  (fin 
pllto)  of  holds  S  -  omtir 
will;  (  -  lone  will;  7  - 
full  lolit  pipe;  (  -  full 
liput  collector;  »  -  full 
luluil  collictort  10  -  full 
lajaetor;  11  -  oildlnr  li- 
jootar. 
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When  designing  and  building  a  chamber,  the  following  are  the 
main  considerations: 

a)  high  reliability; 

b)  high  specific  impulse; 

c)  low  mass  with  sufficient  strength; 

d)  small  size,  particularly  length,  since  the  length  of  the 
chamber  determines  the  length  of  the  engine  as  a  whole. 


LPRE  chambers  differ  from  one  another  in  the  shape  of  the  com¬ 
bustion  chamber,  the  type  of  head  and  the  injectors  used  in  it,  the 
type  of  nozzle  (see  Chapter  VI),  the  method  of  cooling  (see  Chapter 
IX),  and  other  features. 


§12.2.  Shapes  of  the  combustion  chamber  (afterburner) 


Combustion  chambers  (afterburners)  are  divided  by  geometric 
shape  into  cylindrical,  shaped,  spherical,  and  annular  (Fig.  12.2). 


Fig.  12.2.  Coabuatlon  cha»bar  ahapta:  *  -  cylindrical! 
k  —  aaal-thneaal  aot«l«;  c  —  In  tha  fora  of  t  aka, >4 
coavartaat  anction;  4  -  apharlcal;  a  -  annular  c,Uu4- 
steal,  with  central  ko4jr;  (  -  annular  toroidal,  ettk 
central  body. 


Cylindrical  combustion  chambers 
(Fig.  12.3)  are  the  most  widely  used 
for  engines  having  the  most  diverse 
thrusts.  They  are  simple  to  design 
and  uncomplicated  to  manufacture.  The 
constancy  of  the  cross-sectional  area 
along  such  chambers  makes  it  possible 
to  organize  efficient  combustion  of 


Fig.  12.3.  Chamber  of  the 
RD-107  "Vostok"  LPRE. 
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the  propellant  components;  in  particular,  the  formation  of  stagnation 
zones,  in  which  combustion  does  not  occur,  is  eliminated.  The  rela¬ 
tively  small  outside  diameter  of  cylindrical  combustion  chambers 
facilitates  their  use  in  multichamber  LPRE's  or  in  power  plants  con¬ 
sisting  of  several  single-chamber  engines. 

The  drawbacks  of  cylindrical  chambers  as  compared  with  spherical 
ones  are  as  follows: 

a)  reduced  strength  characteristics,  forcing  an  increase  in  wall 
thickness; 

b)  greater  hydraulic  resistance  of  the  cooling  loop; 

c)  increased  wall  surface  which  must  be  cooled. 

Two  types  of  chambers  can  be  distinguished:  pressure  and  vel¬ 
ocity.  Pres  sure  chambers  are  those  in  which  the  pressure  of  the  com¬ 
bustion  products  remains  approximately  constant  along  the  chamber; 
the  ratio  of  the  cross-s  jctional  area  to  that  of  the  critical  section 
for  such  chambers  f,  /f  >3. 

H  Kp 

This  ratio  is  called  the  relative  area  of  the  combustion  chamber 
and  is  designated  by  f  ,  i.e., 

•  (12.1) 

Chambers  with  f  <  3  are  called  velocity  chambers.  They  have 
so-called  thermal  resistance:  the  gas  stagnation  pressure  at  the 
end  of  such  combustion  chambers  is  less  than  at  the  beginning;  this 
effect  is  caused  by  the  feeding  of  heat  to  the  gas  flow  moving  in  a 
cylindrical  tube  [28],  With  a  decrease  in  fu,  the  velocity  of  the 
gas  and  the  thermal  resistance  of  the  chamber  increase,  resulting 
in  a  corresponding  decrease  in  its  specific  impulse.  In  addition, 
with  an  increase  in  the  velocity  of  the  combustion  products  there 
are  increased  pressure  losses  due  to  friction  with  movement  in  the 
combustion  chamber.  Therefore,  to  assure  identical  pressure  of  the 
combustion  products  at  the  nozzle  inlet,  with  a  decrease  in  f  there 
must  be  a  corresponding  increase  in  the  pressure  at  which  the  com- 
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ponents  are  fed  to  the  combustion  chamber. 


Limited  use  is  made  of  cylindrical  combustion  chambers  in  which 
the  value  of  f  is  equal  to  one  (see  Pig.  12.2b);  these  are  called 

H 

8emi-thevmal  nozzles. 

As  LPRE’s  are  improved,  the  pressure  p  is  raised,  chamber 
cooling  and  head  design  are  improved  and  the  outside  diameter  is 
simultaneously  decreased,  and  new  propellant  components  and  struc¬ 
tural  materials  are  used.  This  entails  a  decrease  in  chamber  volume 
and  an  increase  in  nozzle  size. 

Some  use  is  made  of  shaped  convergent  combustion  chambers,  in 
which  there  is  simultaneous  combustion  of  the  propellant  components 
and  acceleration  of  the  combustion  products  to  critical  velocity 
(see  Pig.  12.2c). 

Spherical  combustion  chambers  (see  Pig.  12. 2d)  have  the  least 
surface  for  a  given  volume,  which  facilitates  chamber  cooling  and 
allows  its  mass  to  be  decreased,  also  as  a  result  of  thinner  re¬ 
quired  thickness  of  the  walls.  However,  in  such  combustion  chambers 
it  is  most  difficult  to  assure  uniform  distribution  of  the  flow 
rate  of  the  combustion  products  across  the  chamber,  while  stagnant 
zones  can  form  in  -cho  region  of  the  head. 

Pear-shaped  and  elliptical  combustion  chambers  can  be  used  in 
addition  to  spherical  ones.  The  injectors  for  such  chambers  are  lo¬ 
cated  on  a  flat  plate  or  in  precombustion  chambers,  which  makes  it 
possible  to  increase  the  injector-placement  surface. 

Because  of  the  relative  complexity  of  design  and  the  technology 
of  manufacturing  spherical  combustion  chambers,  and  the  fact  that 
they  have  no  appreciable  advantages  over  cylindrical  ones,  spherical 
chambers  have  been  used  only  to  a  limited  extent  in  LPRE’s. 

Annular  combustion  chambers  are  shaped  like  rings  (Pig.  12. 2e) 
or  toruses  (Pig.  12. 2f). 
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Annular  combustion  chambers  together  with  an  external-expansion 
nozzle  (or  a  nozzle  with  a  central  body)  have  a  number  of  substantial 
advantages  over  the  ordinary  chambers  The  basic  ones  are  examined 
in  Chapter  VI.  Other  advantages  incl.  ie  convenience  in  positioning 
the  units  of  the  propellant-component  feed  system  inside  the  central 
body  of  the  chamber  and  the  possibility  of  creating  forces  to  control 
the  flight  of  the  rocket  vehicle  (with  sectional  design  of  the  com¬ 
bustion  chamber) . 

Maximum  efficiency  for  LPRE's  with  annular  combustion  chambers 
is  assured  by  their  operation  on  high-energy  propellants  (mainljr 
02  +  H2  or  F2  +  H2). 

S12.3.  Injectors 

The  liquid  propellant  components  are  fed  into  the  combustion 
chamber  through  injectors  which  atomize  the  propellant  components 
with  a  significant  increase  in  the  surface  of  the  drops. 

There  are  zwo  basic  types  of  injector?.  -  jet  and  centrifugal. 

Jet  injectors  are  small  precisely-made  openi'^s  ir»  the  fire 
plate  of  the  head.  Such  injectors-  eah  also  be  made  as  individual 
ite..is  and  then  be  welded  to  the  headj  in  this  case  the  injectors 
are  practically  Identical. 

Jet  injectors  spray  the  fluid  in  the  form  of  parallel  or  im¬ 
pinging  jets  (Fig.  12.4). 

The  outlet  opening  of  the  injector  is  called  the  nozzle.  The 
fluid  jet  emerging  from  the  nozzle  is,  at  some  distance  from  it,  a 
solid  cone  with  small  (5-20°)  apex  angle.  The  jet  is  broken  down 
into  small  drops  as  p.  result  of  friction  of  the  Jet  against  the  com¬ 
bustion  products  and  the  transverse  oscillations  arising  in  it. 

The  basic  advantage  of  a  head  with  Jet  injectors  is  its  relative 
simplicity  and  high  throughput. 
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^ - 1  ,. ...  ...^  The  throughput  of  a 

/^/ Sv=ar  /*~“*\  ^;'  /  ^  .  head  is  the  flow  rate  cf 

«  ?  n7  a  ^  '  Ji^3”  the  propellant  components 

[/  fl  passing  across  a  unit  of 

-D^.  Ey3-^  i . Jri — \22l.A _ p?- -Fy^r  surface  of  its  plate  with 

TI  *  jb  a  given  pressure  differ- 

p==^=^- ]  ential  in  the  injector. 

t-2x~s-lQ*  The  jet  injector  is  smaller 

Fif$.  12.4.  Plat  Injector  heads  with  Jet  injectors  than  the  centrifugal  one. 

;  ;  SS  ;:;Si:yni.«:  Mierefore ,  a  greate"  number 

of  jet  injectors  can  be 

placed  per  unit  surface  of  the  head  as  compared  with  centrifu.  si 
injectors.  In  addition,  the  flow  coefficient  of  jet  injectors  (see 
p.  86)  is  2. 5-3.0  times  greater  than  that  of  centrifugal  injectors. 
Jet  injectors  assure  a  relatively  greater  fitting  range  of  the  jets 
and  a  wider  spray  than  the  centril-tgal  i»  j  otors  provide. 


Fi($.  12.4.  Plat  injector  heads  with  Jet  injectors 
•  -  with  parallel  jatt;  b  -  with  lapinglng  jets; 
c  —  with  reflecting  plates. 


Injectors  with  impinging  jets  (see  Pig.  12.4b)  give  a  finer 
spray  and  a  shorter  spray  zone  than  injectors  with  parallel  Jets. 

But  the  throughput  of  a  head  with  impinging  jets  is  less  than  for 
a  head  /ith  parallel  jets. 

The  group  of  injectors  with  impinging  jets  can  consist  of  two, 
three,  four,  or  five  Jet  injectors;  here  we  can  use: 

a)  oxidi  *er  injector  units; 

b)  fuel  Injector  units; 

c)  units  with  oxidizer  and  fuel  injectors;  in  a  number  of  cases 
these  insure  be.t,,  rt  characteristics  as  compared  with  the  other  two. 


An  injector  unit  containing  only  oxidizer  injectors  or  only  fuel 
injectors  is  actually  a  eingle-oomponent  injector,  while  an  oxidizer- 
and-fuel  injector  unit  is  a  two-oomponent  injector. 

•?  Jets  of  oxidizer  and  fuel  can  be  fed  to  a  flat  reflecting 
plate  (see  F  g.  12.4c);  the  thin  fluid  films  that  form  as  the  pro- 
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pellant  component  jet  flows  over  the  plate  run  together,  assuring 
good  breakup  and  mixing 


One  version  of  the  jet  injector  is  the 
slotted  injector;  its  nozzle  has  the  ‘shape 
of  an  annular  slot,  not  a  circle.  1 


In  two-component- slotted  injectors 
(Pig.  12.5)  the  annular  slots  are  angled 
to  the  injector  axis,  so  that  the  Jets  of 
liquid  collide  with  one  another  in  the  form 
of  two  hollow  spray  cones. 

Jet  injectors  are  most  often  used  for  hypergolic  propellants, 
and  also  for  chambers  with  small  head  area.  They  are  more  suitable 
for  atomizing  propellant  components  having  relatively  low  viscosity. 

Centrifugal  injectors  are  those  in  which  twisting  of  the  liquid 
occurs;  the  Jets  of  liquid  coming  from  the  nozzles  are  thin  conical 
films  with  vertex  angles  of  up  to  120°  that  easily  break  down  into 
very  fine  drops. 

Centrifugal  injectors  are  divided  into  tangential  and  screw- 
type.  In  tcngenticl  injectors  (Fig.  12.6b)  the  liquid  is  twisted 
by  passing  it  through  one 
or  several  tangential  open¬ 
ings  ,  i . e . ,  openings  whose 
axes  are  tangent  to  the 
cylinder  of  the  inner  cav¬ 
ity,  called  the  twisting 
ohamber. 

In  eorew-type  injectors  (or  injectors  with  swirlers)  (see  Pig. 
12.6a)  the  liquid  is  twisted  by  moving  it  along  helical  channels  cut 
in  the  screw  (or  swirler);  the  liquid  enters  them  from  the  back  of 
the  screw. 


12.6.  Centrifugal  injectors:  a  - 
•crew  (with  swtrler);  b  —  tangential. 


fit.  12.5.  Two-conponent  slotted 
Injector  with  Implying  corws  and 
variable  Injection  area  (the  nech- 
tnlsn  for  aovlng  the  rod  la  not 
shown). 
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Centrifugal  injectors  assure  a  finer  atomization  and  a  shorter 
spray  zone  than  do  jet  injectors.  Disadvantages  include  relative 
structural  complexity  and  low  throughput. 

Centrifugal  injectors,  like  jet  injectors,  can  be  divided  into 
single- component  and  two-component  injectors.  In  two-component 
centrifugal  injectors  (Pig.  12.7)  the  propellant  components  are 
mixed  both  inside  the  injector  {.internal  mixing)  as  well  as  outside 
it  ( external  mixing).  Injectors  with  internal  mixing  are  often  used 
for  chambers  operating  on  nonhypergollc  propellants. 


Pig.  12.7.  Two-component  centrifugal  in¬ 
jectors:  a  —  with  Internal  displacement ; 
b  -  with  external  displacement . 


Combination  two-component  injectors  combine  Jet  and  centrifugal 
injectors;  in  the  injector  shown  in  Pig.  12.8  the  slotted  fuel  in¬ 
jector  is  placed  around  the  centrifugal  oxidizer  screw  injector. 

Screw-type  injectors  are  examples  of  combination  injectors; 
in  these  there  is  an  axial  opening,  the  jet  injector,  with  a  small 
spray  cone  and  a  great  hitting  range. 

The  use  of  two-component  injectors  reduces  the  length  of  the 
spray  zone,  since  the  propellant  components  are  mainly  mixed  in  the 
liquid  phase  and  therefore  burn  more  rapidly.  In  addition,  the 
throughout  of  a  head  with  two-component  injectors  '  s  higher  than 
that  of  a  head  with  single-component  centrifugal  injectors. 
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However,  two-component  injectors  are  structurally  quite  com¬ 
plex;  use  o f  them  leads  to  more  severe  temperature  conditions  for 
head  operation,  since  the  flame  front  is  closer  to  the  head  because 
of  the  reduced  length  of  the  spray  zone . 

The  flow  rate  of  propellant  component  through  a  single-component 
injector  is  within  the  limits  of  30-300  g/s,  while  for  two-component 
injectors  it  can  reach  2.5-3  kg/s.  Peripheral  injectors  usually 
have  a  greater  hitting  range  and  a  20-30S&  lower  flow  rate  as  com¬ 
pared  with  the  main  injectors.  Plow  through  the  oxidizer  injectors 
located  on  the  periphery  of  the  head  is  also  less  than  the  flow 
through  the  main  injectors. 

All  the  above-examined  injectors  have  fixed  nozzle  area.  For 
engines  whose  thrust  must  be  changed  over  a  wide  range,  injectors 
with  variable  nozzle  area  are  used;  in  these,  the  pressure  differ¬ 
ential  can  be  kept  approximately  constant  with  a  substantial  de¬ 
crease  in  flow  rate  of  the  propellant  components.  The  area  of  a 
nozzle  in  such  injectors  can  be  changed  by  moving  a  special  rod 
within  the  injector  along  its  axis  and  closing  off  tne  injector 
nozzle  to  some  extent.  In  a  two-component  slotted  injector,  the 
moving  of  one  rod  changes  the  area  of  the  oxidizer  and  fuel  nozzles 
(see  Fig.  12.5).  It  is  possible  to  use  other  designs  for  injectors 
with  variable  nozzle  area. 

$12.4.  Chamber  heads 

The  chamber  head  serves  for  introduction  and  uniform  distribu¬ 
tion  of  the  propellant  components  across  the  combustion  chamber. 

For  efficient  vaporizacion,  mixing,  and  combustion  of  the  pro¬ 
pellant  components,  and  reliable  chamber  operation,  the  head  should 
assure 

a)  a  fine  uniform  spray  of  the  propellant  components,  i.e., 
their  atomization  into  fine  particles  whose  dimensions  differ  as 
little  as  possible  from  one  another; 


79 


b)  identical  value  of  coefficient  x 
over  the  entire  cross  section  except  for 
the  boundary  layer  (Pig.  12.9). 


The  value  of  coefficient  x  in  the 


Pig.  12.9.  Graph  or  the  change 
lr.  coefficient  h  along  the  rartlua 
of  the  combustion  chamber  rK 

(Hfa  and  h  e(1  are  coefficients 

H  for  the  flow  core  of  tho  com¬ 
bustion  products  and  the  boundary 
layer,  respectively). 


boundary  layer,  corresponding  to  fuel  ex¬ 
cess,  should  also  be  as  constant  as  possi¬ 
ble  around  the  combustion  chamber. 


To  satisfy  these  conditions,  the  greatest  possible  number  of 
injectors  must  be  appropriately  positioned  on  the  head. 


An  important  requirement  imposed  on  the  chamber  head  is  uniform  { 
flow  intensity  of  the  propellant  components  over  the  entire  combus-  ! 
tion  chamber  cross  section.  j 

i 

The  average  cros8-sectional  flew  intensity  of  a  combustion  ; 
chamber  is  the  ratio  of  the  per-second  flow  rate  of  the  propellant  ! 
components  to  the  area  of  its  section;  « 


r 


kg/nr  *s . 


(12.2) 


For  a  section  of  chamber  with  area  A^  through  which  the  flow 
rate  of  the  propellant  components  is  Am^,  the  local  flow  intensity 

rl  *  ^m^/Af^. 

The  hydraulic  losses  associated  with  feed  of  the  propellant 
components  to  the  head  Injectors  should  be  low.  In  addition,  the 
head  snould  be  rather  strong  and  rigid,  despite  the  weakening  of 
its  face  with  a  large  number  of  openings  for  the  injectors;  it 
should  also  assure  smooth  start-up  of  the  chamber  (see  §14.1)  and 
stable  burning  in  it  (see  §15.1). 

Flat  heads  are  the  ones  most  widely  used  (see  Fig.  12.3).  These 
employ  jet  injectors  with  parallel  or  impinging  J  sts  (see  Fig.  12.4), 
and  also  centrifugal  injectors  (see  Fig.  12.7). 
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Plat  heads  are  simple  to  design,  not  complicated  to  manufacture, 
and  allow  uniform  flow  intensity  across  the  section  and  required  dis¬ 
tribution  of  coefficient  h  along  the  radius  of  the  combustion  chamber. 

A  certain  disadvantage  of  flat  heads  is  their  relatively  low 
strength  and  rigidity.  This  is  particularly  true  for  chambers  with 
large  diameter;  therefore,  annular  and  radial  stiffeners  are  welded 
between  their  outer  and  middle  faces,  while  the  outer  face  is  made 
in  the  form  of  a  section  of  a  sphere  (see  Pig.  12.3). 

One  of  the  ways  of  maintaining  the  necessary  conditions  of  atom¬ 
ization  and  stable  burning  of  the  propellant  ip  the  combustion  chamber 
with  a  considerable  decrease  in  propellant  flow  and  with  fixed  injec¬ 
tor  nozr.  .e  area  is  to  feed  an  inert  gas  into  the  head  cavity  (i.e., 
directly  into  the  propellant  components).  In  this  case,  special 
grids  are  installed  ahead  of  the  injectors  for  uniform  distribution 
and  mixing  of  the  liquid  propellant  components  and  the  bubbles  of 
inert  gas. 

The  design  of  the  head  does  much  to  determine  the  reliability 
and  specific  impulse  of  the  chamber  and  the  engine  as  a  whole.  With 
unsuccessful  head  designs  we  note  the  following  chamber  flaws  and 
undesirable  consequences: 

1)  erosion  or  burnout  of  the  chamber  walls,  mainly  in  the  crit¬ 
ical  section,  and  also  excessive  heat  fluxes  to  the  walls,  attested 
to  by  traces  of  local  overheatings  of  the  wall; 

2)  erosion  of  the  inner  surface  of  the  fire  plate  and  the  ends 
of  the  injectors  due  to  the  action  of  the  hot  combustion  products  on 
them; 

3)  unstable  propellant  burning; 

Jj)  reduced  chamber  specific  impulse. 

The  influence  of  the  head  on  the  specific  impulse  and  stability 
of  the  burning  process  increases  with  decreasing  chamber  dimensions 
and  thrust. 


To  reduce  the  heat  fluxes  to  the  chamber  walls  a  boundary  layer 
of  combustion  products  with  reduced  temperature  is  formed,  as  was 
shown  in  §11.11. 

To  eliminate  erosion  of  the  inner  surface  of  the  fire  plate 
and  the  ends  of  the  injectors  we  increase  the  number  of  fuel  in¬ 
jectors  at  the  points  of  erosion,  we  use  a  porous  material  for  pro¬ 
ducing  the  fire  plate  and  the  injector  housings,  or  we  coat  them 
with  a  layer  of  heat-insulating  material. 

The  processes  of  atomization  of  the  propellant  components,  as 
well  as  their  vaporization,  mixing,  and  combustion,  have  still  not 
been  investigated  to  the  extent  that  it  is  possible  to  theoretically 
determine  the  optimum  type  of  head.  Therefore,  when  developing  an 
engine  we  must  test  several  versions  of  small-scale  models  and  full- 
size  heads,  including  fire-tests  of  the  heads  in  the  chamber. 

For  the  initial  tests  we  often  select  heads  which  provide  only 
moderate  specific  impulse,  but  which  are  most  reliable.  This  makes 
it  possible  to  test  the  engine  as  a  whole  in  parallel  with  final 
adjustment  of  the  head  and  chamber.  During  final  alignment,  the 
head  finally  selected  is  that  whose  design  makes  it  possible  to  ob¬ 
tain  maximum  specific  impulse  with  stable  propellant  burning. 

In  a  vast  number  of  cases,  the  required  burning  stability  and 
reliable  chamber  cooling  are  achieved  only  at  the  expense  of  a 
slight  reduction  in  specific  impulse. 

Finalizing  the  design  of  a  head  is  a  complex  and  expensive  stage 
in  the  creation  of  an  engine. 

§12.5.  Ways  of  positioning  the  injectors  on  flat  .heads 

Uniform  distribution  of  oxidizer  and  fuel  across  the  combustion 
chamber  is  achieved  by  appropriate  placement  of  the  injectors  on  the 
head.  There  are  several  ways  of  doing  this:  staggered,  honeycomb, 
in  concentric  circles,  and  in  groups. 
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Jig.  12.10.  Types  of  Injector  placement  on  flat 
heads:  a  —  etagsered;  b  -  honeycomb}  c  —  In  con¬ 
centric  circle*. 


With  staggered.  po¬ 
sitioning  (Pig.  12.10a) 
of  the  fuel  and  oxidizer 
L  %~e  }  0  j)  injectors,  there  are  ap- 
vJ  proximately  the  same 

number  of  each:  for  one 

a)  b)  o  Oliditer  injector*  fuel  injector  there  is 

*  fuel  injector* 

one  (4  *  1/4)  oxidizer 

Jig.  12.10.  Types  of  Injector  placement  on  flat  injector.  Since  the 
heads:  a  -  staggered;  b  —  honeycomb}  c  —  In  con- 

centric  circiae.  mass  flow  rate  of  oxi- 

diz-.  r  is  usually  2-4 

times  that  of  the  fuel,  with  staggered  placement  the  flow  rates 
through  the  fuel  and  oxidizer  injectors  differ  considerably,  which 
has  an  unfavorable  influence  on  mixing. 

With  honeyoomb  placement  (Pig.  12.10b),  each  fuel  injector  is 
surrounded  by  several  oxidizer  Injectors:  for  each  fuel  injector 
there  are  two  (6  *  1/3)  oxidizer  injectors.  The  flow  rates  through 
the  injectors  differ  relatively  slightly,  which  improves  the  mixing 
of  the  propellant  components. 

When  the  injectors  are  placed  in  concentric  circles  (see  Pig. 
12.10c),  the  head  contains  alternating  circles  of  fuel  injectors 
and  oxidizer  injectors.  The  peripheral  circle  contains  fuel  in¬ 
jectors,  creating  a  boundary  layer  of  reduced  temperature. 

With  group  arrangement  the  injectors  are  formed  into  groups 
containing  a  specific  number  of  oxidizer  and  fuel  injectors  (e.g., 
in  a  4:1  or  3:2  ratio)  in  identical  mutual  arrangements. 

Two-component  injectors  are  usually  arranged  in  concentric 
circles. 

The  distance  between  centrifugal  injectors  is  determined  by 
the  dimensions  of  the  injector  itself,  and  also  by  head  strength 
conditions,  the  strength  being  reduced  by  the  holes  for  the  injectors, 


This  distance  is  usually  12-30  nun.  The  jet  injectors  are  located 
much  closer  together  -  3-^  mm. 

§12.6.  Calculating  a  chamber  head 

To  calculate  a  head  we  must  know  the  following: 

1)  the  density  and  viscosity  of  the  propellant  components  at 
the  rated  temperature  at  which  they  enter  the  injectors; 

2)  the  total  oxidizer  and  fuel  flow  rates; 

3)  the  diameter  of  the  chamber  head;  for  a  cylindrical  chamber 
this  equals  the  diameter  of  the  combustion  chamber; 

4)  the  pressure  differential  at  the  injectors  Ap^,  i.e.,  the 
difference  in  pressures  in  the  oxidizer  or  fuel  cavities  of  the  head 
and  in  the  combustion  chamber. 

The  pressure  differential  in  the  injectors  is  usually  selected 
within  the  limits  of  3-5  bars  [»3-5  kgf/cm2],  and  in  certain  LPRE's 

p 

it  can  be  up  to  30  bars  [*30  kgf/cm  ].  With  low  pressure  differ¬ 
entials,  atomization  of  the  propellant  components  is  worsened  and 
the  burning  process  becomes  unstable.  On  the  other  hand,  an  ex¬ 
cessive  increase  in  the  value  of  Ap^,  without  substantially  worsen¬ 
ing  the  atomization  of  the  propellant  components,  makes  it  neces¬ 
sary  to  increase  the  power  of  the  feed  system. 

In  LPRE's  with  a  wide  range  of  change  of  propellant  flow  rate 
m  it  is  necessary  to  select  high  pressure  differentials  in  the  in¬ 
jectors,  in  order  that  the  necessary  atomization  of  the  propellant 
jet  be  achieved  when  operating  with  low  flow  rate  m  (and,  consequent¬ 
ly,  a  low  value  of  Ap^l. 

The  number  of  oxidizer  and  fuel  injectors  that  can  be  positioned 
on  the  head  with  a  given  diameter  is  determined  graphically,  selec¬ 
ting  the  method  of  arranging  the  injectors  and  the  distances  between 
them  (see  §12.5). 
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Let  us  introduce  the  following  designations:  nQH  and  nr  -  the 
number  of  oxidizer  and  fuel  injectors;  mQK  ^  and  mr  ^  -  the  per-sec- 
ond  flow  rate  through  the  oxidizer  injector  and  the  fuel  injector. 


number  of  oxidizer  and  fuel  injectors;  m„„  .  and  m_  . 

u  *  ok  •  (p  r .  <p 


The  values  of  m  .  and  in  .  are  defined  by  the  formulas 
ok  .  0  r .  0 

•m  ’  _ 

”*0*.+  T~^*  — “  • 

n0K  nr 

where  m  ana  m  are  the  per-second  flow  rates  of  oxidizer  and  fuel 
oh  r  r 

through  the  chamber  head;  these  are  known  from  its  thermal  calcula¬ 
tion. 


Calculating  the  jet  injector  ~ 

is 

Let  us  use  the  following  formulas,  known  from  hydraulics,  for 
the  discharge  of  an  incompressible  fluid  from  an  aperture: 

V  * 

W/ _ ••  ..x 


ftl  saJiVP' /q, 


(12.3) 
(12. U) 


where  W  is  the  velocity  of  injection  of  the  liquid  propellant  com¬ 
ponent  into  the  combustion  chamber  -  usually  W  *  lS-^O  m/s;  m  is 
the  per-second  flow  rate  of  liquid  propellant  component  through  the 
head;  f  is  the  total  area  of  the  injector  nozzles;  y  is  the  flow- 
rate  coefficient,  taking  into  account  the  constriction  of  the  let 
and  a  decrease  in  the  true  velocity  of  injection  compared  with  the 
theoretical,  because  of  hydraulic  resistances. 

The  flow-rate  coefficient  y  of  a  Jet  injector  is  a  function  of 
the  following  factors: 

a)  the  geometry  of  the  inlet  edge  of  the  opening;  for  a  sharp 
edge,  particularly  with  projecting  edges,  coefficient  y  is  less  than 
for  a  bevelled  or  smoothly  rounded  edge; 

b)  the  surface  finish  of  the  opening;  very  rough  opening  walls 
lead  to  a  substantial  reduction  in  y; 

c)  the  ratio  of  injector  length  l ^  t -  its  nozzle  diameter  dQ, 

i.e.,  the  ratio  l./ d  . 

<pc 


With  a  sharp  inlet  edge  and  ratio  ^/dc  =  0. 5-1.0,  the  flow 
coefficient  y  is  0.60-0.65.  With  an  increase  in  the  ratio  l./ d„  to 

q)C 

'////A  «  2-3,  the  value  of  y  rises  to  0.75-0.85;  the  losses 

y  to  friction  simultaneously  increase.  It  is  ad- 

visable  to  select  those  geometric  characteristics 
S////y\lt>  of  a  jet  injector  which  assure  maximum  flow  coef- 
~~~  ficient.  The  injector  opening  shown  in  Pig.  12.11 

Mg.  12.11.  Injeator 

opening  »»*uring  a*x-  satisfies  this  condition. 

lmum  flow  coefficient 
(u  •  0.85-0.90  when 

Vdc  *  3). 

To  determine  the  area  of  fuel  or  oxidizer 
injection,  let  us  substitute  into  equation  (12.4)  the  expression  for 
W  from  formula  (12.3): 


(12.5) 


from  which 


(12.6) 


The  diameter  of  the  injector  nozzle  is  usually  selected  within 
the  limits  d„  =  0. 5-3.0  mm.  Smaller-diameter  nozzles  are  difficult 
to  engineer  and,  in  addition,  they  can  become  clogged.  However, 
studies  have  been  run  on  microinjectors  (d_  <  0.25  mm)  which  assure 
best  mixing  of  the  propellant  components  and  their  more  complete 
burning.  When  d  >  3.0  mm  it  is  difficult  to  obtain  fine  atomiza- 

C 

tion  of  the  Jet  coming  from  the  injector  nozzle. 


Having  determined,  by  the  graphic  method  examined  above,  the 
number  of  oxidizer  and  fuel  injectors,  we  can  calculate  the  area  of 
their  openings  (nozzles): 


For  a  head  with  impinging  oxidizer  and  fuel 
Jets  the  angles  a  ,  and  u_  (Pig.  12.32)  are  se-  f 

OK  r  Fig*  12*  12*  H  rcr—  of 

lected  such  that  the  resulting  Jets  are  parallel  jjj 
to  the  chamber  axis.  Since  the  flow  rates  through 
the  oxidizer  and  fuel  injectors,  and  also  their  spray  velocities, 
differ  from  one  another,  the  above-indicated  condition  reduces  to 
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an  equality  resulting  from  the  law  of  conservation  of  momentum: 

sfn  u0l(s=mf^\V/f.stn  ar.  (12.7) 

One  of  the  angles  is  given  arbitrarily,  while  the  other  is  calcula¬ 
ted  from  formula  (12.7). 

Calculation  of  a  centrifugal  injector 

A  feature  of  the  operation  of  a  centrifugal  injector  is  that 
the  liquid  does  not  move  through  the  entire  cross  section  of  the 
injector:  due  to  twisting  of  the  fluid  along  the  injector  axis 
there  arises  a  gas  vortex  with  pressure  equal  to  that  of  the  ambient 
medium,  i.e.,  the  pressure  in  the  combustijn  chamber.  The  radius 
of  the  gas  vortex  *»  is  less  than  that  of  the  injector  nozzle  r  . 
Consequently,  the  liquid  discharges  from  the  injector  nozzle  through 
an  annular  cross  section  with  area 

{re—rf ,). 

The  velocity  of  the  liquid  discharging  from  a  centrifugal  in¬ 
jector  can  be  divided  into  the  axial  component  W  and  the  tangen- 

a 

tlal  component  Wu« 

Component  W  determines  the  flow  rate  of  the  liquid  through 

cl  t 

the  injector,  while  fc'u  defines  the  twisting  of  the  liquid  by  the 
injector. 

Consequently,  the  volume  flow  of  liquid  through  the  nozzle  of 
a  centrifugal  injector 

v = W.fA  —  U'.n  (r?  —  rf .») 
or 

where  9  is  the  clear-opening  coefficient,  determined  from  the  for¬ 
mula 
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The  mass  flow  rate  of  the  liquid  through  the  nozzle  of  a 
centrifugal  Injector  can  be  determined  from  a  formula  which,  to 
all  external  appearances,  is  analogous  to  the  equation  of  flow 
through  a  jet  injector  (12.5): 

from  which 


/c— - 


(12.9) 


The  flow  coefficient  y  for  a  centrifugal  injector  is  a  func¬ 
tion  of  the  clear-opening  coefficient  ©,  i.e.,  of  the  area  of  the 
clear  opening  f  . 

Hi 


The  quality  of  spraying  of  the  liquid  by  a  centrifugal  injec¬ 
tor  is  influenced  by  twisting  of  the  liquid,  which  defines  the 
spray  cone  angle  2a;  atomization  of  the  liquid  improves  with  an 
increase  in  this  angle,  but  at  the  same  time  the  required  injector 
dimensions  increase. 


The  values  of  2a,  (p,  and  p  of  a  centrifugal  injector  are  func¬ 
tions  of  its  geometric  charaoteriatic t  a  complex  which  connects  the 
basic  dimensions  of  the  injector.  The  geometric  characteristic  of 

a  centrifugal  injector  (Fig.  12.13) 
is  designated  by  the  letter  A,  and 
is  defined  by  the  following  for¬ 
mulas: 


Fig.  12.13.  Tangential  injector  (the 
drawing  show3  the  basic  geometric  di¬ 
mensions  of  the  injector). 


a)  for  an  injector  with  one 
tangential  opening 


flur*  . 


(12.10) 


b)  for  an  injector  with  i  tangential  openings 


c)  for  a  screw-type  injector 

A  =  ZOrls.  sin  3, 

«/. 


(12.11) 

(12.12) 
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where  F?  is  the  average  channel  radius;  f,  is  the  continuous  sec- 
tion  of  one  channel;  i  is  the  number  of  channels  (or  entries  of  the 

screw);  g  is  the  helix  angle  of  the  screw  line. 


iff 

M 

W 


tit-  12.1*.  Th*  flow  cort- 
floltnt  v  »na  iprty  eon* 
•ngl*  2a  vi.  (toMtrle 
eh*raet*rl*tlc  A. 


With  an  increase  in  A,  coefficients  9  and 
decrease,  while  angle  2a  increases. 

In  the  limiting  case  (when  A  -*■  «)  we  have 
<p  •+■  0  and  y  -*•  0. 


A  graph  of  the  dependence  of  y  and  2a  on  the  geometric  charac¬ 
teristic  is  shown  in  Pig.  12.1*1. 


Coniide.Ka.tion  o£  the  vi6co6ity  o£  the  liquid.  The  above-ex¬ 
amined  relationships  are  valid  for  a  perfect  fluid.  The  flow  of  a 
perfect  fluid  in  a  centrifugal  injector  is  subject  to  the  law  of 
conservation  of  the  moment  of  momentum,  since  the  moment  of  the  ex¬ 
ternal  forces  acting  on  the  fluid  in  the  injector  swirl  chamber  is 
equal  to  zero. 

In  a  real  fluid,  friction  forces  arise  due  to  the  presence  of 
viscosity  forces.  Their  action  has  the  result  that  the  moment  of 
momentum  at  the  nozzle  inlet  is  less  than  in  the  initial  part  of 
the  injector  swirl  chamber,  i.e.,  because  of  friction  forces  there 
is  a  decrease  in  the  degree  of  swirl  of  the  fluid  and,  as  a  result, 
the  flow  coefficient  increases  and  the  fluid  spray  angle  decreases. 


To  take  into  account  the  viscosity  of  the  fluid,  instead  of 
geometric  characteristic  A  of  the  injector  we  use  the  equivalent 
characteristic  A.,  defined  by  the  formula 

.  .-.faft - .  (12.13) 

+  *2*  (^M  —  rc) 

Friction  coefficient  A  for  conditions  at  the  injector  inlet 
is  calculated  from  the  equation 


89 


(i2. m) 


lgX  = 


25,8 

(Ifi  R«»*)2,SS 


2, 


where  Reos/  is  the  Reynolds  number  defined  for  injector  inlet  con- 

8  X 

dltions . 


The  value  of  Re  is  defined  by  the  expression 

B  X 

K  -  4 "♦  (12.15) 

,v* ,  «,  —  .  r~  » 

V  1 

where  u  3s  the  coefficient  of  kinematic  viscosity  at  the  injector 

K  •  B 

inlet. 

Sequence  oi  the  calculation.  A  centifugal  injector  is  calcu¬ 
lated  in  the  following  sequence. 

1.  Given  the  pressure  differential  in  the  injector  Ap^  (see 

p.  84).  M 

2.  Select  the  spray  cone  angle  2a  within  limits  2a  «  30-120° 
(90-120°  in  most  cases). 

3.  Knowing  angle  2a,  from  the  graphs  in  Fig.  12-.14  determine 
the  geometric  characteristic  A  and  flow  coefficient  u. 

4.  Using  equation  (12.9),  calculate  the  cross-sectional  area 
of  the  injector  nozzle  f  ,  and  then  the  nozzle  diameter  from  the 

C 

formula 


5.  Select  the  dimensions  of  the  injector. 

There  are  usually  2-4  tangential  openings  or  screw  entries. 
More  than  2-4  improves  the  distribution  of  flow  intensity  around 
the  perimeter  of  the  fluid  Jet  circle. 

The  ratio  R  /r_  is  taken  as  approximately  2.5. 

B  X  C 

Using  equation  (12.11),  determine  radius  r_v  from  the  selected 

B  X 


-fr 
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values  of  1  and  R_  /r  : 

0  X  c 


Usually,  radius  rov  is  selected  within  the  limits  of  0.25-1  mm. 

6.  Prom  formulas  (12.15)  and  (12.14),  calculate  the  friction 
coefficient  X  and  then,  from  (12.13) ,  the  equivalent  injector  char¬ 
acteristic  A_„.  If  characteristics  A  and  A„,  do  not  differ  more  than 
5%  from  one  another,  this  ends  the  calculation;  in  this  case,  the 
values  of  r  ,  R  ,  and  r_„  of  the  first  approximation  serve  as  the 

C  0  X  B  X 

final  values. 

If  the  discrepancy  between  A  and  A  is  greater  than  we 

3  K 

select  as  our  basis  the  value  of  AQU  obtained  in  the  first  approxi- 
mation  and,  from  the  graph  given  in  Pig.  12.14,  determine  the  flow 
coefficient  p  with  consideration  of  viscosity,  and  then  the  dimen¬ 
sions  r  ,  R  ,  and  r  in  the  second  approximation;  from  them  we 
calculate  the  characteristic  AgH  in  second  approximation.  Usually 
the  discrepancy  of  the  values  of  A  obtained  in  the  first  and  second 

3  K 

approximations  is  insignificant,  so  that  the  dimensions  r  ,  R  ,  and 

C  BX 

r  obtained  in  the  second  approximation  can  be  used  as  final  values. 

B  X 

7.  Knowing  r  ,  R  ,  and  r  ,  select  the  remaining  injector  di- 

L  B  X  BX 

mensions  (see  Pig.  12.13): 

0.5 —  3)</„;  =(0,25  !,0)de. 

As  the  injector  height  (length)  h  we  use  the  following: 

a)  h  »  R  and  greater,  for  a  tangential  injector; 

B  X 

b)  1/4  to  1/3  the  channel  pitch  or  more,  for  a  screw-type  in¬ 
jector.  The  diameter  of  the  swirl  chamber 

The  outside  diameter  of  the  injector 

where  6  is  the  thickness  of  the  swirl  chamber  wall. 
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The  values  of  6  and  l  are  interrelated;  usually  we  select 

B  X 

5  =  1.5  mm . 

Features  of  the  heads  of  afterburners 

Injectors  are  divided  into  liquid ,  gas,  and  gas-liquid ,  de¬ 
pending  on  the  aggregate  state  of  the  propellant  component  intro¬ 
duced  into  the  afterburner.  The  term  gas-liquid  is  used  for  two- 
component  injectors,  where  one  component  enters  in  the  liquid  state 
and  the  other  enters  in  the  gaseous  state. 

Generator  gas  is  fed  into  the  afterburner  through  jet  injectors. 

The  head  of  the  chamber  of  LPRE’s  operating  on  the  scheme  "gas- 
liquid"  can  be  a  grid  with  radial  and  annular  bridges;  the  openings 
serve  as  jet  injectors  for  the  generator  gas,  while  the  injectors 
for  the  liquid  component  are  located  at  the  bridge  Junctions. 

The  pressure  differential  in  the  generator-gas  Jet  injectors 
is  slight,  while  the  pressure  in  the  afterburner  is  high;  therefore, 
the  discharging  of  the  gas  from  the  injector  is  cub critical. 

§12.7.  Selecting  the  volume  and  relative  area  of  combustion  chambers 
(afterburners) 

The  volume  of  a  combustion  chamber  (afterburner)  should  assure 
the  required  stay  time  for  the  propellant  components,  while  at  the 
same  time  the  size  and  mass  of  the  chamber  should  be  small. 


The  volume  of  the  combustion  chamber  is  calculated  from  its 
reduced  length  Znp  and  the  arbitrary  stay  time  of  the  gas  in  the 
chamber  t 

yc/i 

The  reduced  (or  characteristic)  length  of  the  combustion 
chamber  is  the  ratio  of  its  volume  to  the  area  of  the  critical  sec¬ 
tion: 

X* 

u 


•«>  -  • 


(12.16) 
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Time  t  can  be  obtained  by  dividing  the  mass  of  gas  in  the 

y  c/i 

combustion  chamber  by  its  per-second  flow  rate: 


»,<*- 


disregarding  the  volume  of  the  liquid  propellant  components  in  the 
combustion  chamber  and  arbitrarily  considering  that  the  density  of 
the  gas  is  identical  throughout,  and  equal  to  p„ ,  we  get 

H 


Let  us  substitute  into  this  equation  the  expression  for  pu  from 

H 

formula  (4.4)  and  take  relationships  (4.14)  and  (12.16)  into  ac¬ 
count  .  Then 


(12.17) 

For  the  given  propellant  components  and  design  of  the  head, 
which  determined  the  mixing  quality,  ratio  8/RT  can  be  considered 
constant.  Consequently,  the  arbitrary  stay  time  of  the  gas  in  the 
combustion  chamber  and  the  reduced  chamber  length  are  directly  pro- 
portioiial  to  one  another. 

The  values  of  xyc;)  and  Znp  are  determined  mainly  by  the  propel¬ 
lant,  the  head  design,  and  the  type  of  LPRE  scheme;  for  most  engines 
Tyc/i  *  (1. 5-5.0) *10“^  s  and  Jnp  ■  1.0-3. 5  m.  A  smaller  value  of 
Tycu  corresponds  to  chambers  with  higher  pressure  pK.  An  Increase 
in  the  reduced  length  of  the  combustion  chamber  brings  about  an  in¬ 
crease  in  specific  impulse,  but  simultaneously  the  chamber  dimen¬ 
sions  increase,  which  complicates  its  cooling. 

For  preliminary  calculations,  we  can  assume  reduced  lengths  of 
1.5-2. 5*  1-1. 5 »  and  0.5-1  m  for  the  combustion  chambers  of  LPRE's 
operating  on  the  scheme  "liquid-liquid"  with  propellants  02  +  kero¬ 
sene,  F2  +  NH^,  and  02  +  H2,  respectively  [4,  17]. 

In  LPRE's  with  afterburning  of  the  generator  gas,  part  of  the 
propellant  components  flrBt  burn  in  the  gasifier;  therefore  the  re¬ 
quired  reduced  length  of  their  afterburners  is  1.3-1. 8  times  less 


than  for  the  combustion  chambers  of  LPRE’s  operating  on  the  scheme 
"liquid-liquid. " 

When  selecting  the  optimum  ratio  between  the  length  and  the 
diameter  of  a  combustion  chamber  (afterburner)  we  use  its  relative 
area  fu. 

Besides  the  disadvantages  noted  in  §12.2,  with  a  decrease  in 
fu  there  are  additional  complications  in  organizing  efficient  atom- 
ization  of  the  propellant  components  because  of  reduced  area  of  the 
surface  on  which  the  injectors  are  located.  Therefore,  with  a  de¬ 
crease  in  relative  area  fu,  the  specific  im- 
pulse  of  the  chamber  drops  (Fig.  12.15),  which 
is  noticeable  when  f„  <  3  (particularly  when 
f„  a  1).  The  influence  of  the  relative  area 
of  the  combustion  chamber  (afterburner)  on 
the  specific  impulse  when  f  >  3  can  be  dis- 

Plf.  12.15.  B»tlo  i  /iy,t  "*•  K 

th*  vaiu*  of  with  •  ioo  regarded,  particularly  with  a  high  gas-ex- 

(curv.  1)  .nd  «c  -  10  (curv,  2).  pansion  ratlo  £ ^ 

Some  of  the  advantages  of  selecting  a  small  relative  area  f 

H 

include  a  decrease  in  chamber  mass  and  facilitation  of  its  cooling 
(a  decrease  in  the  required  thickness  of  the  combustion  chamber  walls 
and  its  surface  to  be  cooled). 

The  relative  area  f  can  be  determined  from  the  selected  flow 

K 

intensity  of  the  combustion  chamber  using  equation  (12.2)  which, 
with  consideration  of  (4.14)  and  (12.1),  can  be  written  in  the  fol¬ 
lowing  form: 

•  (12.18) 

fxr 

Since  for  a  given  propellant  complex  8  can  be  considered  con¬ 
stant,  with  increasing  pressure  p  the  flow  intensity  for  the  com- 

n 

bustion  chamber  also  increases. 

Ratio  r/p  is  called  the  relative  flow  intensity  and  is  desig- 

K 
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nated  r  ,  i.e. , 


or,  considering  (12.18), 


(12.19) 

(12.20) 


If,  for  the  propellants  used,  complex  8  is  1700-2400  N*s/kg 
[>170-240  kgf*s/kg],  then  when  f  =  2-6  the  relative  flow  intensity 
is  (0.1-0.2)*10“3  kg/N*s  [ - ( 1—2 ) • 10” 3  kg/kgf*s]  [17]. 


The  indicated  value  of  fu  for  cylindrical  chambers  has  a  cor- 
responding  ratio  of  the  length  of  the  combustion  chamber  to  the 
diameter  of  its  cylindrical  part  of  l  / d  «  1.0-1. 5. 

K  K 


CHAPTER  XIII 

SYSTEMS  FOR  FEEDING  LIQUID  PROPELLANT  COMPONENTS 

t  t  t 

§13.13.  Basic  turbine  parameters 

The  following  are  among  the  basic  turbine  parameters. 

1.  Available  turbine  power,  i.e.,  the  turbine  shaft  horse¬ 
power;  this  should  equal  the  sum  of  the  powers  required  by  the  ox¬ 
idizer  and  fuel  pumps,  and  also  by  the  pumps  for  the  auxiliary  pro¬ 
pellant  components  (if  used),  i.e., 

-j-  A^„tcr  4* 

and  defined  by  the  formula 

^Ty  fH 

where  n  is  the  effective  efficiency  of  the  turbine  (see  §13. I1*); 

m  is  the  per-second  flow  of  gas  entering  the  turbine:  L„  is  the 

a«A 

adiabatic  work  of  expansion  of  1  kg  of  gas,  calculated  from  the 
formula 

2.  Pressure  differential  in  the  turbine  (gas  expansion  ratio 
in  the  turbine),  equal  to  the  ratio  pg/pg.  A  distinction  is  made 
between  high-differential  (pg/pg  =  15-^0)  and  low-differential 
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( Pq/ p 2  =  1. 3-1.8)  turbines.  Pressure  p2  is  called  oounterpressure. 

High-differential  turbines  include  those  with  discharge  of 
exhaust  gas  to  the  ambient  medium;  a  supercritical  gas-pressure 
differential  is  generated  in  the  nozzles  of  their  nozzle  ring.  To 
increase  turbine  power  it  is  desirable  to  provide  greater  gas  ex¬ 
pansion;  with  constant  pressure  Pq  this  can  be  achieved  by  lowering 
pressure  p2<  But  in  order  that  the  turbine  operating  regime  and, 
consequently,  that  of  the  TPA  as  a  whole,  not  be  influenced  by  a 
change  in  pressure  of  the  ambient  medium,  pressure  p2  must  be 
selected  higher  than  the  maximum  pressure  of  the  ambient  medium: 

P2  s  1.3ph  max  (with  consideration  of  the  possibility  of  operation 
of  the  turbine  exhaust  pipe  Laval  nozzle  in  an  overexpansion  mode 
[17]).  In  this  case,  a  supercritical  pressure  differential  is 
assured  at  the  nozzle  of  the  turbine  exhaust  pipe,  as  a  result  of 
which,  as  noted  in  §9.1,  the  nozzle  develops  a  certain  thrust.  The 
specific  impulse  I  of  the  exhaust  pipe  nozzle  is  lower  than  that 
of  the  chamber,  and  with  an  increase  in  gas  flow  through  the  tur¬ 
bine  the  value  of  Iyfl  for  the  engine  drops.  Therefore,  the  given 
power  of  high-differential  turbines  should  be  obtained  with  the 
lowest  possible  gas  flow  through  them. 

For  the  turbines  of  LPRE’s  operating  on  the  scheme  "gas- 
liquid"  or  "gas-gas"  a  high  gas  flow-rate  is  characteristic:  for 
example,  for  the  scheme  "gas-liquid"  it  is  usually  equal  to  the 
total  flow  of  one  of  the  propellant  components  and  part  of  the  flow 
of  the  other  component.  Therefore,  for  such  LPRE's  we  use  turbines 
which  develop  sufficient  power  with  a  subtritical  pressure  differ¬ 
ential,  i.e.,  low-differential  turbines. 

3.  Temperature  of  the  gas  at  the  turbine  inlet  Tq.  Tempera¬ 
ture  Tq,  together  with  the  gas  expansion  ratio,  determines  the 
adiabatic  work  of  expansion  of  1  kg  of  gas,  increasing  as  it  dees. 
Depending  on  the  blade  material  and  engine  operating  duration,  tem¬ 
perature  Tq  is  selected  within  the  limits  of  750-1200°K. 
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Jl.  Turbine  shaft  rpm  n.  The  number  of  revolutions  n  with 
single-shaft  TPA  design  is  determined  from  the  condition  of  cavi¬ 
tation-  free  operation  of  the  pumps;  with  multi-shaft  design  it  is 
determined  from  the  condition  of  maximum  turbine  efficiency  and 
smallest  size. 

In  turbine  calculations  we  use  the  peripheral  velocity  U  - 
the  velocity  of  a  point  located  midway  on  the  blade  (on  diameter 

Dcp) *  here 

m/s. 

60 


§13.14.  Turbine  efficiency  and  selection  of  the  ratio  U/c^ 

The  following  losses  occur  during  turbine  operation: 

a)  in  the  nozzle  ring  nozzles; 

b)  on  the  moving  blades; 

c)  with  exhaust  velocity; 

d)  friction  of  the  disk  against  the  gas*  and  ventilation  losses; 

e)  mechanical. 

The  effective  efficiency  of  a  turbine  takes  all  these  losses 
into  account. 

The  losses  in  the  nozzle  ring  nozzles  and  on  the  moving  blades 
depend  on  the  degree  of  perfection  of  the  turbine  blading,  including 
the  surface  finish  of  the  nozzles  and  moving  blades  and  their  pro¬ 
files. 

Losses  with  exhaust  velocity  are  explained  by  the  fact  that 
the  gas  at  the  exit  from  the  moving  blades  has  a  certain  velocity 
c2,  i.e.,  the  kinetic  energy  of  the  gas  is  not  completely  used  in 
the  turbine. 


98 


For  the  given  values  of  gas  velocity  c1  and  the  slope  of  the 
velocity  vector  c^  to  the  plane  of  the  turbine  disk  a1>  the  lowest 
velocity  c2  and,  consequently,  the  smallest  losses  with  exhaust 
velocity  are  achieved  with  a  ratio  defined  by  the  formula 

(13.4) 

ci  2 

Usually,  in  the  impulse  turbines  of  TPA's  a 1  =  15-20°  and 
velocity  c^  =  1000-1400  m/sj  here  the  required  peripheral  velocity 
U,  calculated  from  formula  (13.4),  is  inadmissibly  high;  in  par¬ 
ticular,  the  dimensions  and  mass  of  the  turbine  sharply  increase. 
Therefore,  in  high-differential  turbines  the  peripheral  velocity  U 
is  usually  selected  within  limits  250-350  m/s,  while  ratio  U/^  * 

*  0.1-0. 3,  which  causes  losses  with  exhaust  velocity. 

With  low  values  of  U/c-^,  which  are  advisable  to  use  in  TPA 
turbines,  the  efficiency  of  a  two-stage  turbine  is  substantially 
higher  than  that  of  a  single-stage  turbine. 

While  losses  to  friction  of  the  disk  against  the  gas  are  in¬ 
herent  in  all  turbines,  ventilation  losses  are  characteristic  only 
of  partial-admission  turbines;  these  losses  increases  with  de¬ 
creasing  admission  of  the  turbine. 

The  effective  efficiency  of  high-differential  turbines  is  with' 
in  the  limits  of  0. 3-0.7,  while  that  of  low-differential  turbines, 
for  which  U/c-^  *  0.4-0. 6,  is  higher. 

For  the  most  part,  axial  turbines  are  used  in  LPRE’s;  in  them 
the  gas  moves  in  parallel  with  the  shaft  axis. 

So-called  radial  turbines  are  of  specific  design;  in  them  the 
gas  moves  along  the  radius  of  the  disk  to  the  shaft  axis  ( centri¬ 
petal  turbines)  or  from  the  shaft  axis  to  the  periphery  of  the 
disk  ( centrifugal  turbines).  The  most  widely  used  radial  turbines 
are  the  low-differential  centripetal  ones. 
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§13.15.  Liquid  gasifiers 


The  liquid  gasifier  of  the  TPA  turbine  feed  system  generates  a 
gas  which  has  quite  high  pressure  and  temperature. 

LPRE’s  use  one-  and  two-component  liquid  gasifiers  which,  as 
shown  in  §9*1,  can  operate  on  the  basic  as  well  as  the  auxiliary 
propellant  components. 

Two-component  gasifiers,  operating  on  the  basic  propellant  com¬ 
ponents,  are  the  most  widely  used.  In  an  LPRE  with  discharge  of 
the  exhaust  gas  from  the  turbine  into  the  ambient  medium,  a  small 
part  (usually  2-3 %)  of  the  total  flow  of  basic  propt  Llant  compo¬ 
nents  is  taken  at  the  pump  exit  for  operation  of  the  two—  omponent 
liquid  gasifier. 


The  temperature  of  the  generator  gas  usually  does  not  exceed 
1200°K.  If  higher-temperature  gas  is  fed  to  the  turbine,  the 
strength  of  the  blade  material  is  noticeably  reduced,  or  the  blades 


and  other  elements  along  the  generator-gas  line  melt.  The  required 


Pig.  13.29.  Two-component  liquid  gasi¬ 
fiers:  a  —  cooled,  single-zone;  b  —  un¬ 
cooled,  single-zone;  c  —  cooled,  two-zone. 


gas  temperature  of  two-compo¬ 
nent  liquid  gasifiers  is  as¬ 
sured  with  a  significant  ex¬ 
cess  of  oxidizer  or  fuel  (see 
§9.1). 


A  distinction  is  also 


made  between  single-zone  and  two-zone  liquid  gasifiers  (Pig.  13.29). 


In  single-zone  liquid  gasifiers  the  flow  of  propellant  compo¬ 
nents  comes  from  the  head,  i.e..  Just  as  in  the  main  chamber  of  an 
LPRE. 


In  two-zone  liquid  gasifiers,  part  of  the  excess  propellant 
component  is  introduced  into  the  gasifier  through  an  additional 
band  of  injectors  located  in  the  central  part  of  the  ?*sifier.  In 
such  a  liquid  gasifier  we  can  distinguish  two  zones:  viie  high- 
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temperature  (2000-3500°K)  gone. (from  the  head  to  the  section  con¬ 
taining  the  additional  band  of  injectors),  and  the  zone  with  a  sub¬ 
stantially  lower  temperature  (from  this  band  to  the  gasifier  exit). 

Designwise,  two-zone  gasifiers  are  more  complex  than  single¬ 
zone  gasifiers,  and  are  used  when  one-zone  gasifiers  cannot  assure 
stable  burning  or  they  are  long  because  of  an  insufficiently  active 
burning  process  caused  by  an  excess  of  one  of  the  propellant  com¬ 
ponents  . 

To  balance  the  temperature  field  at  the  gasifier  exit,  which 
is  very  important  for  excluding  melting  along  the  generator-gas  line, 
the  reduced  length  for  the  gasifier  is  longer  than  for  the  combus¬ 
tion  chamber. 

Ordinarily,  liquid  gasifiers  have  external  circulation  cooling, 
which  assures  their  reliable  and  prolonged  operating  life;  when  the 
generator  gas  has  a  relatively  low  temperature,  there  is  no  need  for 
such  cooling. 

Single-component  liquid  gasifiers.  In  a  number  of  cases  it  is 
more  advisable  to  use  single-component  instead  of  two-component 
k'slficrs;  in  these  there  is,  in  the  presence  of  a  catalyst,  de- 
'>  ...position  of  the  liquid  monopropellant  (e.g.,  hydrogen  peroxide) 
with  the  release  of  heat  and  the  formation  of  gaseous  products; 
such  decomposition  is  called  oatalytio  decomposition. 

Either  solid  or  liquid  catalysts  ca~i  be  used;  the  latter 
should  be  continuously  fed  to  the  gasifier  (such  a  gasifier  is 
actually  a  two-component  gasifier).  The  solid  catalyst  is  placed 
directly  in  the  gasifier  in  the  form  of  a  packet  (Pig.  13*30). 
Gasifiers  with  a  solid  catalyst  are  simpler  in  design  and  are  more 
widely  used. 

The  packet  of  solid  catalyst  for  decomposing  hydrogen  peroxide 
consists  of  grains  of  a  solid  carrler/base  (gypsum,  cement,  etc.) 
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Pl«.  13.30.  Slngl»-conpo- 
ntnt  liquid  gasifier:  1  - 
intake  pipe;  2  -  grid  far 
holding  solid  catalyst;  2  - 
packet  of  solid  catalyst; 

4  -  exhaust  pips. 


impregnated  with  catalytically-active  salts 
(e.g.,  KMnO^)  or  a  compressed  screen  of  an  ac¬ 
tive  metal  (nickel,  Monel  metal,  brass,  and 
others) . 

The  catalyst  for  hydrazine  decomposition 
can  be  screens  made  of  metals  of  the  platinum 
group . 


The  temperature  of  the  forming  hydrogen  peroxide  decomposition 
products  (a  mixture  of  water  vapor  and  gaseous  oxygen)  increases 
with  an  increase  in  hydrogen  peroxide  concentration,  and  is  720- 
1030°K  at  80-90JJ  concentration.  The  temperature  of  hydrazine  de¬ 
composition  products  can  be  obtained  within  the  limits  from  875° 
to  1475°K  by  changing  the  time  that  the  hydrazine  remains  in  the 
catalyst  packet  and  changing  the  length  of  the  gasifier  (by  con¬ 
trolling  the  degree  of  decomposition  of.the  hydrazine). 

The  following  specific  parameters  are  used  to  calculate  the 
dimensions  of  the  solid  catalyst  packet: 

1.  The  specific  surface  of  the  catalyst  -  the  area  of  the 
active  surface  of  the  catalyst  per  unit  volume.  For  a  number  of 
catalysts  that  are  used,  the  specific  surface  is  8-80  cm  /cm-5. 

2.  The  specific  load  of  the  catalyst  -  the  maximum  permissible 
flow  of  liquid  propellant  component  per  1  kg  of  catalyst. 


For  example,  for  a  solid  catalyst  consisting  of  calcium  per¬ 
manganate  CaMnO^  and  calcium  chromate,  the  value  of  s  ■  2. 5-2. 6 
kg/s/kg  with  80J(  hydrogen  peroxide. 


With  an  increase  in  the  specific  surface  and  specific  load  of 
the  catalyst  there  is  a  decrease  in  the  required  volume  of  the 
catalyst  packet  and,  consequently,  in  the  volume  and  mass  of  the 
gasifier. 
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CHAPTER  XIV 

SYSTEMS  FOR  LPRE  START-UP,  MODE  CHANGE,  AND  SHUTDOWN.  SYSTEMS  FOR 
CREATING  CONTROLLING  FORCES  AND  MOMENTS 

S14.1.  Systems  for  LPRE  start-up 

The  system  for  LPRE  start-up  should  assure  sufficiently  rapid 
but  gentle  (without  great  oscillations  of  pressure  pu)  and  reliable 
runup  of  the  engine  to  the  rated  operating  mode  with  low  nonproduc¬ 
tive  expenditures  of  propellant. 

Conditions  for  reliable  LPRE  start-up  include  the  following: 

a)  no  overshooting  of  pressure  pu  above  the  permissible  value 

n 

(this  can  be  caused  by  the  accumulation  of  a  large  quantity  of  pro¬ 
pellant  components  in  the  chamber  before  they  ignite);  in  addition, 
no  explosive  mixture  should  form  in  the  chamber; 

b)  low  level  of  pulsations  of  the  pressure  of  the  combustion 
products  in  the  chamber  and  gasifier; 

c)  slight  deviation  of  coefficient  k  in  the  chamber  and  gasifier 
from  the  calculated  values. 

Start-up  of  the  engine  is  the  most  complex  and  critical  period 
of  its  operation.  The  greatest  number  of  engine  failures  occurs 
during  just  this  period.  The  parameters  in  the  chamber  and  gasifier 
are  constantly  changing,  and  the  engine  passes  through  a  number  of 
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regimes,  each  of  which  is  practically  impossible  to  check  and  study. 
Therefore,  development  of  start-up  usually  causes  great  difficulties, 
which  increase  with  increasing  chamber  dimensions. 


Methods  for  LPRE  start-up.  Two  methods  of  LPRE  start-up  are 
distinguished:  nonstepped  (smooth  or  '‘full-flow" )  and  stepped 
(Fig.  14.1). 


With  nonstepped  engine  start-up  the  flow  of  propellant  compo¬ 
nents  to  the  chamber  continually  increases,  smoothly  ( smooth  start¬ 
up)  or  abruptly  (."full- flow"  start-up). 


A  smooth  increase  in  propellant  component  flow  is  assured  by 
special  throttles,  driven  electrically  or  hydraulically,  installed 

in  the  propellant  component 
lines . 

j 

.  With  "full- flow"  start-up 
there  is  the  danger  of  hydraulic 
shocks  and  an  impermissible 
ove* shoot  of  the  pressure  of  the 
combustion  products.  Therefore, 
such  start-up,  in  its  pure  form, 
is  not  used.  The  use  of  non- 

» 

stepped  start-up  simplifies  the  scheme  and  design  of  the  engine,  re-  i 

1 

ducing  to  a  minimum  the  nonproductive  expenditure  of  propellant  ! 

components  and  delay  in  the  launch  of  the  rocket  vehicle  (the  time  j 

from  the  moment  the  command  is  given  up  to  the  launch  of  the  vehicle).  j 

i 

Nonstepped  start-up  is  used  mainly  for  low-  and  medium-thrust  engines 
with  pressure  and  pump  feed. 

For  a  high-thrust  LPRE  with  pump  feed,  stepped  start-up  is  used 
in  a  number  of  cases;  this  is  accomplished  through  the  preliminary 
or  intermediate  stage.  The  preliminary  stage  is  characterized  by 
the  fact  that  before  full  flow  of  the  propellant  components  to  the 
chamber  there  is  slight  flow  by  hydrostatic  pressure  and  by  the 
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Fig.  14.1.  Change  In  thrust  (pressure 
pM)  for  various  types  of  start-ups  and 
shutdowns  of  an  LPRE:  1  -  abrupt  ("full- 
flow")  start;  shutdown  without  final 
stags;  2  -  start  with  prellalnary  stags; 
shutdown  without  final  stags;  3  —  start 
with  preliminary  and  lnteraadlate  stagas; 
shutdown  through  final  stage. 


boost  pressure  of  the  tanks;  in  this  case  the  TPA  does  not  operate. 
Here  a  reliable  burning  fuel  spray  is  formed  in  the  chamber. 

The  intermediate  stage  is  characterized  by  the  fact  that  the 
TPA  and  the  engine  operate  for  a  certain  length  of  time  under  non¬ 
full-flow  conditions  before  stabilizing  in  the  rated  mode;  this  can 
be  necessary,  e.g.,  to  decrease  the  rate  of  increase  of  propellant 
component  flow  to  the  chamber. 

To  start  up  an  LPRE  with  a  TPA  it  is  first  necessary  to  start 
the  pumps  rotating;  for  this,  the  turbine  is  fed  auxiliary  gas  and 
the  propellant  component  tanks  are  supercharged  by  means  of  some 
auxiliary  supercharging  system  (ordinarily,  the  system  for  super¬ 
charging  the  tanks  of  the  power  plant  begins  to  operate  several 
seconds  after  the  command  for  engine  switch-on). 

Preliminary  supercharging  of  the  tanks  and  switch-on  of  the 
TPA  of  the  engines  of  the  first  stage  of  the  rocket  can  be  accomp¬ 
lished  from  a  ground  starter,  while  for  the  second  and  subsequent 
stages  these  can  be  accomplished  from  the  previous  stage.  However, 
the  most  efficient  start-up  systems  are  those  included  in  the  power 
plants  of  the  appropriate  stages. 

For  TPA  start-up,  its  turbine  is  fed  the  following: 

1.  Qas  (helium,  nitrogen,  air,  or  hydrogen)  located  in  the 
starter  bottle. 

2.  The  combustion  products  from  the  two  propellant  starting 
components  or  the  products  of  the  decomposition  of  one  propellant 
starting  component,  formed  in  the  main  liquid  gasifier.  The  starting 
components  are  fed  to  the  gasifier  from  the  starter  tanks  by  the 
compressed-gas  generator.  Such  a  system  is  quite  efficient;  it 
allows  for  multiple  engine  burn. 

3.  The  combustion  products  of  a  solid-propellant  charge  lo¬ 
cated  in  the  cartridge  starter,  or  by  the  start-up  solid-propellant 
gasifier.  It  is  designed  for  short-term  burning  of  the  charge  (up 
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to  1  second),  sufficient  for  bringing  the  TPA  to  rated  conditions. 
During  rotation  of  the  turbine  by  the  starter  the  pumps  create  the 
necessary  pressure  for  the  propellant  components;  these  begin  to 
enter  the  liquid  gasifier.  The  gasifier  is  brought  to  the  rated 
conditions,  and  the  turbine  automatically  switches  from  starter 
power  to  liquid-gasifier  power. 

The  combustion  products  of  the  starter  charge  are  usaally  fed 
to  the  main  turbine.  However,  LPRE's  are  used  which  have  a  TPA  con¬ 
taining  an  additional  starter  turbine  which  operates  only  during 
engine  start-up. 

Powder  starters  are  basically  used  for  launching  single-burn 
LPRE's.  The  scheme  of  the  engine  in  this  case  is  simpler  than  when 
liquid  starter  propellant  components. 

4.  The  combustion  products  of  the  basic  propellant  components, 
fed  from  the  tanks  under  hydrostatic  pressure  and  the  pre-launch 
tank  supercharge  pressure.  As  the  combustion  products  begin  to  form 
in  the  liquid  gasifier  and  they  begin  to  enter  the  turbine,  the 
pumps  begin  to  operate,  leading  to  a  constant  increase  in  flow  of 
propellant  components  to  the  gasifier.  If,  during  the  entire  start, 
the  available  power  of  the  turbine  is  greater  than  the  poorer  required 
by  the  pumps,  the  liquid  gasifier  and  the  engine  as  a  whole  are 
brought  to  rated  operating  conditions.  With  such  start-up  (called 
aelf-etavting)  we  are  assured  maximum  simplicity  of  both  single  and 
multiple  engine  burns. 

An  electric  motor  can  be  used  to  start  the  TPA's  of  auxiliary 
aircraft  LPRE's. 

Features  of  starting  LPRE’s  under  various  ambient  conditions. 

The  engine  start-up  system  depends  essentially  on  the  start  con¬ 
ditions:  on  the  ground,  at  high  altitudes,  in  outer  space,  etc. 

When  starting  an  engine  on  the  ground,  if  abnormalities  develop 
it  can  be  shut  down,  if  the  engine  thrust  has  not  exceeded  the  launch 
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weight  of  the  rocket,  i.e.,  if  the  rocket  has  not  started  to  move 
in  the  launcher. 

The  rocket  can  be  held  in  the  launcher,  with  its  engines  at 
full  thrust,  by  special  supports  (levers)  or  exploding  bolts  (these 
break  when  the  given  engine  thrust  is  attained) .  Disadvantages  of 
such  a  launch  system  include  high  nonproductive  expenditures  of 
propellant  components  before  the  launch  and  impact  loads  on  the 
bottoms  of  the  tanks  at  the  moment  of  launch. 

Especially  high  requirements  are  imposed  on  the  reliability  of 
the  starting  systems  of  engines  of  the  second  and  successive  stages 
of  a  multistage  rocket,  and  also  the  engines  of  space  vehicles, 
which  are  started  in  a  deep  vacuum.  If  the  engine  does  not  start 
for  some  reason,  or  is  damaged  during  start-up,  failure  of  the 
rocket  or  vehicle  is  unavoidable.  For  example,  repeated  insertions 
of  a  satellite  into  orbit  using  the  Europa  booster  ended  in  failure 
because  the  engines  of  the  upper  stages  would  not  start. 

The  smoothness  of  engine  start-up  in  outer  space  depends  on  a 
vast  number  of  factors,  mainly  the  pressure  at  which  ignition  of 
the  propellant  occurs,  and  also  on  the  temperature  of  its  components, 
the  injectors  of  the  head,  and  the  walls  of  the  combustion  chamber. 

Gentler  start-up  and  reliable  ignition  of  the  propellant  is 
assured  with  pressure  in  the  combustion  chamber.  Therefore,  the 
critical  section  of  the  chamber  usually  contains  a  plug  to  retain 
atmospheric  pressure  in  the  chamber  before  engine  start-up.  As  the 
pressure  of  the  combustion  products  rises,  the  plug  is  ejected  from 
the  nozzle. 

The  temperature  of  the  head  injectors  and  the  chamber  walls 
should  be  such  as  to  prevent  freezing  of  the  propellant  components 
during  engine  start-up,  which  would  lead  to  chamber  explosion. 

Smoothness  of  start-up  is  also  influenced  by  the  properties  of 
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the  propellant  components  and  the  order  in  which  they  enter,  the  de¬ 
sign  of  the  chamber  head,  and  other  factors.  For  example,  hypergolic 
propellants  should  have  a  short  self-ignition  delay  period. 

Start-up  of  the  engines  of  the  second  and  subsequent  stages  of 
a  multistage  rocket  depends  on  the  type  of  stage  separation.  Usually 
the  stages  of  a  rocket  are  rigidly  connected  by  explosive  bolts  that 
burst  when  fed  an  electric  current  at  the  required  moment. 

A  distinction  is  made  between  cold  and  hot  staging.  In  oold 
staging  the  main  engine  of  the  upper  stage  does  not  operate;  the 
stages  are  separated  by  the  retro  engines  of  the  lower  (burnout) 
stage  or  the  boost  engines  of  the  upper  (next)  stage. 

Hot  staging  is  assured  by  the  thrust  of  the  main  engine  of  the 
upper  stage,  which  simplifies  the  scheme  and  design  of  the  rocket 
(retro  and  boost  engines  can  be  eliminated).  However,  such  staging 
is  complex  to  develop  because  of  the  appearance  of  perturbing  forces 
and  moments  in  the  upper  stage,  which  should  be  eliminated  by  the 
guidance  system. 

To  decrease  the  perturbing  forces  and  moment  in  hot  staging 
we  can  use  stepped  start-up  of  the  primary  engine  of  the  upper 
stage:  first  the  engine  operates  in  a  reduced  mode,  going  to  the 
rated  mode  after  staging. 

With  hot  staging,  the  primary  engine  combustion  products  must 
be  removed  from  the  compartment  between  stages;  in  addition,  more 
heat  shielding  of  the  engine  is  required. 

The  engines  of  satellites  and  space  vehicles  should  start  re¬ 
liably  under  conditions  of  deep  vacuum  and  weightlessness  after  pro¬ 
longed  orbital  (satellite)  or  interplanetary  flight.  To  start  the 
engines  with  a  TPA  under  weightlessness  it  is  necessary  to  raise 
the  pressure  of  the  propellant  components  at  the  pump  inlet.  In 
addition  to  other  methods,  for  this  purpose  boost  engines  are  used 
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(particularly  in  large  rockets).  LPRE's  operating  on  cryogenic  pro¬ 
pellant  components  can  be  started,  under  weightlessness,  by  feeding 
their  vapors  from  the  gas  cushions  of  the  main  tanks  to  the  chamber, 
i.e.,  use  these  vapors  as  starting  components. 

Start-up  of  an  LPRE  with  displacement  feed  under  weightlessness 
presents  fewer  difficulties.  Separators  are  used  in  such  engines 
to  feed  the  propellant  components  in  liquid  form,  not  as  an  emulsion 
with  the  displacing  gas. 

The  most  difficult  to  assure  is  multiple  burn  of  the  engines 
of  space  vehicles,  particularly  if  the  interval  between  burns  is 
long  (this  can  reach  several  years).  During  the  first  engine  burn 
there  is  air  pressure  in  its  chamber,  hermetically  plugged,  while 
with  subsequent  burns  the  inner  cavities  of  the  chamber  are  under 
vacuum,  which  changes  the  nature  of  mixing  of  the  propellant  com¬ 
ponents. 

The  design  and  schemes  of  engines  with  multiple  burns  are,  of 
necessity,  complex j  in  particular,  we  must  deal  with  the  fact  that 
after  engine  shutdown  the  heat  is  transmitted  from  the  chamber  and 
the  liquid  gasifier  to  the  colder  units,  causing  them  to  overheat, 
which  makes  subsequent  engine  burn  impossible.  The  heat  fluxes  are 
particularly  high,  if  there  is  a  nozzle  adapter  with  radiation 
cooling.  In  a  chamber  with  external  circulation  cooling,  the  cool¬ 
ant  can  boil  in  its  loop;  if  the  coolant  vapors  cannot  condense 
before  the  next  start-up,  its  reliability  also  cannot  be  guaranteed. 
Therefore,  for  condensation  of  the  vaporized  coolant  the  time  inter¬ 
val  between  shutdown  and  the  next  start-up  should  be  sufficiently 
long;  otherwise,  the  cooling  loop  must  be  purged.  To  decrease  heat 
transfer  from  the  chamber  to  cooler  units  of  the  engine  we  can  use 
spacers  made  of  nonheat-conducting  material,  and  also  reduce  the 
engine  thrust  during  the  last  seconds  of  its  operation. 

The  chamber  of  impulse  LPRE's  operating  on  hypergolic  propel¬ 
lants  usually  does  not  have  a  cooling  loop;  the  main  valves  of  the 
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engine  are  electrically  driven  and  are  placed  directly  on  the  cham¬ 
ber  head,  which  assures  a  short  duration  of  the  transient  operating 
modes  and  creation  of  very  slight  control  pulses.  With  '  decrease 
in  the  volume  of  the  lines  behind  these  valves  there  is  a  reduction 
in  the  time  for  the  engine  to  come  up  to  the  rated  mode  d  .tring  start¬ 
up  and  a  reduction  in  the  aftereffect  pulse  during  shutdown. 

A  layer  of  heat  insulation  is  placed  on  the  pipelines  and  the 
chamber  head  to  prevent  freezing  of  the  propellant  components  after 
engine  shutdown  (due  to  intense  cooling  in  outer  sp<\ce).  To  hold 
the  temperature  of  the  propellant  components  within  the  required 
limits,  the  engines  of  a  space  vehicle  can  have  special  shields  to 
protect  them  from  solar  heating. 

The  propellant  components  can  freeze  after  engine  shutdown 
when  the  valves  are  not  tightly  seated;  the  leaking  component  boils 
in  a  vacuum;  the  heat  lost  to  vaporization  lowers  the  temperature  of 
the  component  below  its  freezing  point. 

Repeated  engine  burns  in  ou^er  space  can  sharply  increase  the 
pressure  p  .  and  cause  chamber  destruction.  The  pressure  rise  can 
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be  caused  by  deposition  of  the  propellant  components,  evaporated 
from  the  chamber  head  cavity,  on  the  chamber  walls  after  engine 
shutdown;  therefore,  the  chamber  temperature  must  be  held  within 
specific  limits  after  engine  shutdown. 

An  analogous  phenomenon  is  observed  with  multiple  burns  of 
LPRE's  operating  on  ^O^-based  hypergolic  propellants  (NgO^  +  MMH, 
N20|4  +  UDMH;  +  aerozine-50,  +  NgH^),  under  outer-space 

conditions,  and  is  explained  by  the  formation  of  intermediate 
dangerously  explosive  products  in  the  chamber  in  the  period  pre¬ 
ceding  ignition.  It  has  been  established  that  the  temperature  of 
the  propellant  components  and  the  chamber  before  another  engine 
burn  should  be  at  least  P^4°K  [21°C]  [1], 


To  assure  gentle  start-up  of  LPRE’s  operating  on  hypergolic 


propellants,  various  additives  are  effective  under  space  conditions. 

The  start-up  of  a  monopropellant  LPRE  has  its  peculiarities. 

For  example,  when  starting  a  hydrazine  engine  it  is  necessary  to 
first  heat  the  catalyst  packet  by  feeding  to  the  chamber  a  starting 
flow  of  nitrogen  tetroxide.  After  the  catalyst  has  heated  up,  the 
engine  operates  stably  on  hydrazine  alone. 

Systems  for  ckllliag  the  engine  lines.  If  the  temperature  of 
the  propellant  components  (e.g.,  cryogenic  components)  is  lower  than 
the  ambient  temperature,  before  starting  the  engine  its  lines  are 
chilled  (pumps,  valves,  pipelines,  etc.).  Otherwise,  the  liquid 
propellant  components  will  be  preceded  in  the  chamber  and  liquid 
gasifier  by  their  vapors  and  then  by  a  mixture  of  vapors  and  liquid 
components.  As  a  result,  the  engine  comes  up  to  its  rated  mode  more 
slowly,  while  coefficient  x  will  differ  substantially  from  its  rated 
value . 

Products  of  intermediate  chemical  reactions,  tending  to  detonate, 
can  form  in  the  chamber;  detonation  is  also  possible  in  the  vapors  of 
the  propellant  components.  These  phenomena  can  lead  to  explosion 
of  the  chamber  or  gasifier  when  the  engine  is  started. 

The  engine  lines  must  also  be  chilled  to  prevent  cavitation  of 
the  pumps  for  the  cryogenic  propellant  components. 

The  engine  lines  are  cooled  most  simply  by  passing  propellant 
components  through  them;  these  come  from  the  tanks  under  hydrostatic 
pressure  and  boost  pressure,  flow  along  the  engine  lines  and  through 
the  open  bypass  valves  at  the  chamber  and  gasifier  inlets,  and  are 
exhausted  outside  the  vehicle.  If  the  line  of  one  propellant  com¬ 
ponent  must  be  chilled,  it  can  be  passed  directly  into  the  chamber; 
the  liquid  component  discharges  from  the  chamber  nozzle,  vaporizing 
to  some  extent.  However,  with  such  a  system  the  unproductive  flow 
of  propellant  components  is  increased. 
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Special  systems  can  be  used  for  chilling  the  lines,  which  in¬ 
clude  separate-drive  recirculation  pumps;  the  propellant  component 
is  fed  by  pump  from  the  tank  into  the  line,  it  is  cooled,  and  it  is 
then  fed  back  to  the  tank  through  the  open  bypass  valve.  The  system 
is  switched  on  several  minutes  before  the  engine.  After  chilling 
has  been  accomplished,  the  bypass  valve  is  closed  and  the  command  is 
given  to  start  the  engine.  Since  the  propellant  component  absorbs 
heat  fluxes  as  it  passes  along  the  engine  line,  it  must  first  be 
supercooled. 

The  time  required  for  chilling  the  units  and  pipelines  is  re¬ 
duced  by  using  a  layer  of  thermal-insulating  material  (e.g.,  a 
plastic)  on  the  surface  in  contact  with  the  cryogenic  propellant 
components . 

The  sequence  in  which  the  propellant  components  enter  the 
chamber.  In  the  process  of  developing  an  engine  we  select  that 
sequence  with  which  one  propellant  component  enters  the  chamber 
ahead  of  the  other  so  as  to  assure  a  gentle  start-up.  The  valves 
should  operate  at  very  specific  moments  of  time,  which  can  differ 
for  the  oxidizer  and  fuel  valves. 


Selection  of  the  sequence  with  which  the  components  enter  the 
chamber  depends  on  the  type  of  component.  For  example,  it  has  been 
established  that  when  working  with  a  propellant  consisting  of  RFNA  + 
+  UDMH,  the  oxidizer  should  be  fed  to  the  chamber  ahead  of  the  fuel; 
smooth  engine  start-up  is  assured  by  the  absorption  of  heat,  re¬ 
leased  in  the  initial  phase  of  burning,  by  the  e.  cess  oxidizer. 

In  hydrogen  LPRE’s,  for  this  purpose  the  fuel  (hydrogen)  is 
fed  to  the  chamber  before  the  oxidizer. 

Purging  systems.  Before  the  start-up  of  certain  engines,  the 
lines  for  propellant  fr»ed  are  purged  by  an  inert  gas  (nitrogen  or 
helium).  For  example,  in  oxygen  LPRE’s  the  chamber  and  liquid- 
gasifier  LOX  lines  are  usually  purged,  as  is  the  LOX  pump  seal. 
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Purging  prevents  the  entry  of  fuel,  which  can  result  in  explosion 
of  the  engine,  and  prevents  the  accumulation  of  a  vast  quantity  of 
propellant  components  in  these  units. 

When  starting  a  rocket  from  a  surface  launcher,  purging  can 
be  done  from  a  ground  compressed-gas  cylinder,  while  in  the  engines 
of  the  second  and  subsequent  stages  of  the  rocket  it  can  be  done 
from  a  cylinder  in  the  previous  stage. 

S14.2.  Ignition  systems 

LPRE’s  operating  on  nonhypergolic  propellants  use  a  special 
system  which,  at  the  moment  of  engine  start-up,  feeds  heat  to  the 
first  portions  of  propellant  components  entering  the  chamber  and 
the  liquid  gasifierj  this  results  in  their  ignition. 

All  remaining  amounts  of  propellant  components  go  to  the  stable 
fuel  burn  spray  and  are  ignited  by  the  combustion  products  of  the 
previous  portions. 

For  reliable  ignition  of  the  propellant  components  under  en¬ 
gine  operating  conditions  (on  the  ground,  in  outer  space,  etc.), 
the  ignition  system  should  produce  a  sufficient  quantity  of  heat 
in  the  largest  possible  chamber  or  liquid-gasifier  volume.  As  the 
amount  of  heat  increases,  the  ignition  delay  period  decreases, 
which  excludes  the  possibility  of  accumulation  of  propellant  com¬ 
ponents  in  the  chamber  and  gasifier  during  engine  start-up. 

The  ignition  system  for  a  multiple-burn  LPRE  should  assure  ig¬ 
nition  of  the  propellant  components  during  each  engine  start-up; 
this  complicates  its  design. 

Selection  of  the  ignition  system  depends  on  the  properties  of 
the  propellant  components  and  on  the  design  and  operating  conditions 
of  the  engine.  A  distinction  is  made  between  built-in  and  inserted 
ignition  systems.  A  system  of  the  first  type  is  built  into  the 
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chamber  or  gasifier  and  is  ordinarily  used  in  multiple-burn  LPRE’s. 
Systems  of  the  second  type  are  introduced  into  the  chamber  through 
the  nozzle;  they  are  part  of  the  launch  system  or  are  installed  on 
a  brace  attached  in  the  nozzle  throat.  They  can  be  used  only  in 
single-burn  engines. 

The  ignition  system  should  begin  to  operate  before  the  pro¬ 
pellant  components  enter  the  chamber  or  gasifier.  In  some  cases, 
blocking  is  used  which  makes  it  impossible  for  the  propellant  com-, 
ponents  to  enter  the  chamber  or  gasifier  if  the  ignition  system, 
for  some  reason  or  other,  does  not  operate.  The  blocking  system 
prevents  launching  of  the  rocket  with*  one  inoperative  engine  in  a 
power  plant  consisting  of  several  engines,  or  with  one  inoperative 
chamber  in  a  multichamber  engine. 

The  built-in  type  ignition  system  must  be  used  in  the  gasifiers 
of  both  single-  and  multiple-burn  engines. 

Different  types  of  ignition  include  pyrotechnic,  chemical,  elec¬ 
trical,  thermal,  and  combination. 


Pyrotechnic  ignition.  The  pyrotechnic-ignition  system  creates 
a  flame  in  the  chamber  or  gasifier  as  a  result  of  the  burning  of  a 
,  charge  of  solid  propellant.  To  increase  the 
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amount  of  heat  released,  and  to  increase  the 
reliability  of  the  ignition  system  ,  several  solid- 
propellant  charges  can  be  used  (Pig.  14.2). 


The  pyrotechnic-ignition  system  is  distin¬ 
guished  by  its  simplicity  and  high  reliability; 
the  electric  power  required  to  trigger  the  ig¬ 
nition  cylinders  (which  replace  the  solid  pro¬ 
pellant  charge)  is  low.  However,  this  system 
has  a  limited  range  of  application  (for  a  single¬ 
burn  LPRE)  and  requires  precautionary  measures 
to  avoid  its  chance  triggering  during  engine  tests. 


Mg.  1*.2.  ChMber  with 
lruerted  »y»tea  of  pyro¬ 
technic  Ignition  of  pro¬ 
pellent  coopor.entt:  1  - 
lpltlM  cy l Inlet l  1  " 
htecei  1  -  plug)  *  ”  elee- 
tilc  lull, 
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Chemical  ignition.  The  chemical-ignition  system  creates  a  flame 
by  feeding,  to  the  chamber  or  gasifier,  components  of  the  starting 

hypergolic  propellants;  they  enter  the  chamber 
through  its  head  or  through  an  igniter  in  the  noz¬ 
zle. 

Chemical-ignition  systems  often  use  a  liquid 
starting  component,  which  ignites  on  contact  with 
one  of  the  primary  propellant  components  (Fig. 
14.3);  with  a  rise  in  their  pressure  during  en¬ 
gine  start-up  the  diaphragms,  between  which  the 
starting  fuel  is  located,  break.  The  starting 
flame  is  formed  in  the  chamber  upon  the  inter¬ 
action  of  the  starting  fuel  with  the  primary  oxidizer,  after  which 
the  primary  fuel  begins  to  enter. 

The  flow  of  starting  propellant  component  per  unit  area  of  the 
chamber  nozzle  throat  should  be  sufficient  for  reliable  ignition  of 
the  primary  components. 

For  multiple-burn  LPRE’s  the  starting  propellant  component, 
during  start-up,  enters  the  chamber  from  a  special  tank  along  the 
pipeline  through  an  open  valve.  Then  the  valve  closes  and  the  line 
is  purged  by  an  inert  gas. 

In  hydrogen  LPRE’s,  triethyl  aluminum  or  gaseous  fluorine  is 
used  as  the  starting  fuel;  these. are  hypergolic  in  contact  with 
liquid  hydrogen. 

The  chemical  ignition  system  assures  multiple  engine  burn  and 
fast  run-up  to  the  rated  mode;  it  is  reliable,  quite  simple,  and 
widely  used  in  modern  LPRE’s. 

The  disadvantages  of  such  a  system  include  the  use  of  a  danger¬ 
ously  explosive  and  toxic  starting  component  and  increased  require¬ 
ments  on  its  valves  during  their  opening  and  closing  to  prevent 
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Fig.  14.3.  Chunbtr  with 
lyatoa  of  chmlcsl  igni¬ 
tion  of  propsllant  coc- 
pononts:  1,4  -  <r««- 
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abrupt  start-up  and  explosion  of  the  engine. 

r 

Electrical  ignition.  An  electric  spark  plug  serves  as  the  ig¬ 
nition  initiator. 

The  electrical  ignition  system  permits  multiple  burns  and  can 
be  used  after  the  engine  has  been  in  long-term  storage;  it  is  quite 
simple  and  safe  to  handle.  However,  the  dimensions  of  the  igniter 
(spark)  are  small,  and  tba  contacts  of  the  plug  can  foul  and  short 
circuit  and  also  rapidly  burn  out.  In  addition,  operation  of  such 
a  system  requires  a  rather  high-powered  electric  source. 

Thermal  ignition.  If  the  oxidizer  is  hydrogen  peroxide,  for 
ignition  of  the  propellant  we  can  use  its  decomposition  products 
that  form  in  the  precombustion  chamber.  The  chamber  is  first  fed 
the  hydrogen  peroxide  decomposition  products  and  then,  after  their 
pressure  is  raised  to  the  given  /alue,  the  fuel.  Such  ignition  is 
called  thermal  ignition.  It  excludes  the  possibility  of  the  ac¬ 
cumulation  of  propellant  components  in  the  chamber  during  engine 
start-up  and  is  the  safest  and  most  reliable  method  of  ignition. 


Combination  ignition.  This  is  ignition  in  which  a  small  part 
of  the  primary  propellant  components  (or  starting  component)  is  fed, 

during  engine  start-up,  to  the  precombustion 
Q[  *1 1  Z  chamber  and  ignited  in  it  using  some  type  of  ig- 

|  nition  system  (e.g.,  electrical).  The  combus- 

tion  products  that  form  enter  the  chamber  and 
**  ignite  the  main  portion  of  the  components  (Fig. 

|  j  R'  1*1. 4) .  The  precombustion  chamber,  creating  the 

- 1 _ iJ  starting  flame,  in  a  number  of  cases  facilitates 

pit.  i«.».  chmbtp with  start-up  conditions. 

combination  »y»tea  for  Ig¬ 
nition  of  propaUant  com¬ 
ponent*:  1  —  *t«c**ku*tl*a 

•Mrk'pivj.-  *1,etrle  Chemical  and  pyrotechnic  ignition  systems 

are  used  most  often,  particularly  in  high-thrust 
engines,  while  electrical  and  combination  ignition  systems  are  used 
in  aviation  LPRE’s. 


/ 


S14.3.  Systems  for  changing  the  operating  mode 


If  the  engine  is  not  equipped  with  special  systems,  it  runs  up 
to  the  nominal  mode  with  a  greater  or  lesser  deviation  of  combustion- 
chamber  pressure  pu  and  coefficient  h  of  the  propellant  component 
ratio  (and,  consequently,  thrust)  from  the  calculated  values. 

The  deviations  of  pressure  pu  and  coefficient  H  from  the  rated 
values  are  not  identical  for  various  engine  samples  due  to  the  in¬ 
fluence  of  a  number  of  factors:  changes  in  density  of  the  propel¬ 
lant  components  depending  on  the  ambient  temperature,  disparities  in 
the  characteristics  of  the  pumps  and  hydraulic  resistances  of  the 
lines,  the  influence  of  linear  acceleration  of  the  rocket  vehicle 
on  TP A  operation,  etc. 

In  addition,  the  engine  operating  mode  is  influenced  by  the 
gaseous  inclusions  that  form  in  ti  ?  propellant  components  as  the 
tanks  are  filled  or  as  a  result  of  their  saturation  with  the  dis¬ 
placement  gas  (in  the  absence  of  separators  in  the  tanks). 

Engine  thrust  can  be  varied  on  command  from  the  vehicle  guidance 
system  or  spontaneously.  A  spontaneous  change  in  thruBt  can  be 
caused,  in  particular,  by  a  decrease  in  the  flow  cross  section  of 
the  line  for  feeding  the  turbine  with  working  fluid  (gas)  due  to 
the  settling  of  solid  carbon-black  particles  on  the  walls,  a  de¬ 
crease  in  the  flow  section  of  the  cooling  loop  of  the  chamber  due 
to  deposits  of  particles  of  decomposed  fuel  on  the  loop  walls,  etc. 
These  result  in  changes  of  propellant  flow  m  and  coefficient  h, 
leading  to  a  reduction  in  specific  impulse,  an  increase  in  the  ter¬ 
minal  mass  of  the  vehicle  (the  rocket  stage),  and  other  undesirable 
consequences. 

Engine  control  systems  can  be  broken  down  as  follows,  according 
to  their  features . 

1.  Engines  with  control  systems  which  are  functions  of  the 
vehicle  flight  peculiarities.  The  operating  mode  of  such  engines 
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is  varied  by  signals  from  the  vehicle  control  system  sensors  (from 
I  the  so-called  current  signals  of  the  control  system)  or  by  signals 

’  from  the  programmed  sensors  according  to  a  previously  set  program 

-  (from  the  programmed  signals  of  the  control  system). 

2.  Engines  with  control  systems  that  get  signals  only  from 
sensors  in  the  engine.  Such  control  systems  are  called  intraengine 

i  systems.  They  maintain  the  rated  engine  mode. 

3.  Engines  having  no  control  systems.  Their  operating  mode 
during  the  initial  period  is  "built-in"  during  assembly,  but  during 

F  further  operation  this  mode  can  change  spontaneously  (see  p.  117). 

'  In  order  that  deviations  of  pressure  p„  and  coefficient  K  from  the 

►  K 

rated  values  be  slight,  the  chamber  and  gasifier  feed  lines  are 

,  filled  with  propellant  components  and  adjustment  washers  are  placed 

in  these  lines  at  the  pump  exits.  By  changing  the  pressure  dif¬ 
ferential  on  the  adjustment  washers  we  can  assure  identical  (with 
low  error)  hydraulic  resistance  of  the  lines  of  all  sample  engines 
of  the  given  type. 

'  Control  systems  improve  the  engine  characteristics:  increase 

in  engine  reliability  and  service  life,  decrease  in  losses  of  spe¬ 
cific  Impulse,  compensation  for  inaccuracies  in  manufacture  of 
various  samples  of  the  engines  and  the  influence  of  external  fac¬ 
tors  (vehicle  acceleration,  ambient  temperature,  etc.). 


The  control  system  includes  the  following  elements: 

1)  sensors  to  measure  the  controlled  value  or  the  value  pro¬ 
portional  to  it} 

2)  comparators,  to  determine  the  deviation  of  the  controlled 
value  from  the  programmed  one  or  from  that  velue  generated  by  the 
vehicle  control  system,  and  to  produce  the  command  signal; 

3)  executive  units,  assuring  a  change  in  the  controlled  value 
as  a  function  of  the  sign  and  magnitude  of  the  command  signal. 
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The  executive  unit  can  be  the  engine  as  a  whole,  as  well  as  its 
regulators,  controlled  by  special  electric  drives. 


The  power  plants  of  rocket  vehicles  use  the  following  types  of 
control  systems:  combustion-chamber  control  system,  tank-emptying 
system,  system  for  maintaining  constant  p„  or  TPA  rpm,  etc. 

K 

Control  systems  associated  with  a  change  in  propellant  flow  m. 
The  combustion-chamber  control  system.  If  the  engine  is  the  execu¬ 
tive  unit  of  the  control  system,  the  engine  thrust  should  vary  with 
its  signals.  The  thrust  of  an  LPRE  is  determined  by  "rhe  flow  rate 
of  propellant  components  m  into  the  chamber. 

Plow  rate  m  can  be  varied 

a)  by  changing  —  with  displacement  feed  —  the  pressure  in  the 
propellant  component  tanks  (it  should  be  noted,  however,  that  due 
to  large  gas  inclusions  in  the  tanks  the  pressure  rises  or  falls 
very  slowly); 

b)  by  changing  -  with  pump  feed  -  the  TPA  shaft  rpm; 

c)  by  changing  —  with  displacement  and  pump  feed  —  the  pressure 
differential  at  the  throttles  installed  in  the  engine  lines  ahead 

of  the  chamber  and  controlled  by  electric  drives.  With  an  increase 
or  decrease  of  the  pressure  differential  on  the  throttle,  movements 
of  the  moving  elements  of  the  throttle  cause  a  change  in  pressure 
of  the  propellant  component  ahead  of  the  chamber  and,  consequently, 
a  change  in  its  flow  rate.  The  throttles  should  assure  a  variable 
(rather  large)  pressure  differential,  which  leads  to  an  increase  in 
the  required  power  of  the  system  for  feeding  propellant  to  the 
chamber. 

The  possibilities  for  a  change  in  engine  thrust  are  limited,  if 
the  cross-sections!  area  of  the  injector  and  chamber  nozzles  re¬ 
mains  unchanged;  with  a  decrease  in  thrust  there  is  a  decrease  in 
pressure  differential  on  the  injectors,  which  has  undesired  results: 
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burning  of  the  propellant  becomes  more  unstable  (shifts  to  the  un¬ 
stable  zone)  and  less  complete  (decrease  in  coefficient  9g)»  etc. 

The  basic  conditions  to  assure  stable  and  complete  burning  with 
a  reduction  in  engine  thrust  include  simultaneous  retention  of  the 
pressure  differential  in  the  injectors  (Ap^  *  const)  and  the  pres¬ 
sure  of  the  combustion  products  in  the  chamber  (pu  *  const);  it  is 
much  more  difficult  to  carry  out  the  second  condition  pu  *  const. 

The  condition  Ap^  «  const  can  be  assured,  when  creating  varying 
thrust,  by  changing 

1)  the  number  of  injectors  through  which  the  propellant  compo¬ 
nents  are  sprayed  into  the  chamber  (a  head  with  a  variable  number 
of  working  injectors); 

2)  the  area  of  the  through-section  of  each  injector  (injectors 
with  variable  geometry); 

B)  the  degree  of  saturation  of  the  propellant  components  with 
gas  (the  degree  of  their  aeration); 

H)  pulse  duration  (in  pulsed  LPRE's);  and 

5)  the  coefficient  h. 

In  heads  with  a  variable  number  of  working  injeotore ,  the  in¬ 
jectors  are  grouped,  and  to  decrease  the  thrust  a  certain  number  of 
injector  groups  are  shut  off  by  closing  the  valves  in  the  lines  that 
feed  them. 

Injeotore  with  variable  geometry  were  examined  in  $12.2. 

The  openings  in  Jet  injectors  can  be  closed,  to  a  certain  ex¬ 
tent,  by  angular  turning  of  the  disk  with  the  openings  on  the  chamber 
head. 


The  use  of  chambers  equipped  with  variable-geometry  injectors 
makes  it  possible  to  reduce  the  thrust  in  a  ratio  of  10:1  and  more. 


Figure  14.5  shows  a  diagram 
of  a  chamber  with  a  simultaneous 
proportional  change  in  area  of  the 
injector  nozzles  (the  number  of 
injectors)  and  the  area  of  the 
critical  section,  which  assures 
constant  pressure  in  the  combus¬ 
tion  chamber  and  a  constant  pres¬ 
sure  differential  in  the  injec¬ 
tors  with  a  reduction  in  thrust. 

The  oxidizer  flows  along  the  cooling  loop  of  the  chamber,  and 
enters  the  combustion  chamber  through  the  injector  openings  in  the 
inner  wall.  The  fuel  is  fed  to  the  inner  channel  of  needle  4, 
passes  along  its  cooling  loop  e,  and  enters  cavity  d  through  open¬ 
ings  in  the  outer  wall  of  the  needle;  from  here  it  flows  through 
injector  openings  c  into  the  combustion  chamber.  The  needle  is 
rigidly  coupled  to  piston  3  and  pin  2;  it  can  move  to  the  right 
under  the  influence  of  the  pressure  of  the  liquid  working  substance 
introduced  through  pipe  1,  and  to  the  left  under  the  action  of  the 
pressure  of  the  combustion  products  on  the  piston. 

When  the  piston  and  needle  move  there  is  a  simultaneous  change 
in  both  the  number  of  injector  openings  for  oxidizer  and  fuel  and 
the  area  of  the  critical  section.  Therefore,  pressure  pu  remains 
constant  with  a  change  in  thrust. 

One  of  the  ways  of  changing  the  flow  rate  ra  is  to  feed  a 
special  gas  to  the  engine  lines  ahead  of  the  chamber  or  to  its 
head  cavities  (i.e.,  directly  into  the  propellant  components). 

Saturation  with  gae  (aeration)  reduces  the  density  of  the  pro¬ 
pellant  components  and  their  mass  flow  into  the  chamber  while  re¬ 
taining  the  conditions  of  atomization  and  stable  burning.  An  inert 
gas  (helium  or  nitrogen)  is  used  for  blow-in;  this  can  be  fed  from 
a  separate  cylinder  or  taken  from  the  compressed-gas  generator  tank. 


o 
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14.5.  Chamber  with  elnultaneoua  propor¬ 
tional  change  In  area  of  the  nozzlee  of  the 
propellant  coaponen:  lnjectora  and  the  area 
Of  the  arltlcal  aeetlon:  1  -  feel  pipe  for 
eeacrol  Hull;  1  -  pin:  1  ~  pletoa;  4  -  aeelle. 
a  —  notch  la  chaaber  housing:  b  -  oalllaer 
lajectoro;  t  —  fuel  lajectere;  1  —  cavity 
steal  of  fuel  lajectoro:  a  -  caella  ceoliap 
leap. 


In  addition  to  inert  gases,  gaseous  hydrogen  can  be  blown  into  the 
fuel.  The  gas  for  saturation  can  be  taken  from  the  primary  gasifier 
or  produced  in  a  supplementary  liquid  gasifier  operating  on  the  main 
propellant  components.  By  increasing  the  flow  of  gas  for  aeration 
of  the  propellant  components,  the  engine  thrust  can  be  reduced  from 
a  10:1  to  a  300:1  ratio. 

The  (time)  average  thrust  of  an  engine  operating  in  the  pulsed 
mode  can  be  increased  or  decreased  by  changing  the  pulse  duration 
(from  tenths  of  a  second  to  tens  of  seconds)  or  by  various  on-off 
time  ratios,  i.e.,  by  operating  the  engine  for  various  lengths  of 
time  during  each  burn. 

The  change  in  thrust  with  adherance  to  the  condition  Ap^  * 

*  const  is  used  mainly  for  relatively  low-thrust  engines. 

Various  values  of  the  thrusts  of  certain  LPRE's  are  obtained 
by  changing  the  coefficient  H.  For  example,  to  increase  or  de¬ 
crease  the  thrust  of  the  J-2  oxygen-hydrogen  LPRE  used  in  the 
American  Saturn-5  booster,  the  coefficient  H  is  varied  from  4.5 
to  5.5,  i.e.,  by  ±10*  of  the  rated  value;  for  this,  part  of  the 
oxygen  flow  is  bypassed  from  the  line  at  the  pump  outlet  to  its 
inlet.  Such  a  method  makes  it  possible  to  rapidly  change  the  thrust 
of  the  engine  while  lowering  its  characteristics  only  very  slightly 
due  to  a  shift  in  coefficient  H. 

If  varying  thrust  of  an  LPRE  with  pump  feed  is  assured  by 
changing  the  rpm  of  the  component  pumps,  the  TPA  turbine  should 
have  a  system  to  control  its  power.  Temperature,  flow,  and  hybrid 
methods  of  changing  TP  A  turbine  power  are  used. 

The  temperature  method  is  used  for  bipropellant  liquid  gasifiers 
and  consists  in  changing  the  temperature  of  the  generator  gas  fed 
to  the  turbine;  for  this,  in  one  of  the  gasifier  feed  lines  there  is 
installed  a  special  electric-drive  throttle,  making  it  possible  to 
increase  or  decrease  the  flow  of  one  of  the  components  to  the  gasi- 
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fier  and,  consequently,  the  coefficient  H  of  the  generator  gas. 

The  flow  method  consists  in  changing  the  flow  rate  of  gas 
through  the  turbine,  keeping  its  temperatur  constant.  Such  a 
method  can  be  used  for  LPRE  with  mono-  and  bipropellant  liquid 
gasifiers,  and  also  for  engines  with  gas  (e.g.,  hydrogen)  taken 
from  the  cooling  loop  of  the  chamber  to  drive  the  turbine. 

Using  the  flow  method  of  changing  turbine  power  in  an  LPRE 
with  a  bipropellant  liquid  gasifier,  throttles  are  installed  in 
both  feed  lines;  here  the  coefficient  k  of  the  generator  gas  is 
kept  constant.  A  special  stabilizer  is  sometimes  used  for  this 
purpose;  this  is  controlled  by  a  throttle  located  in  the  line  of 
one  of  the  components,  and  changes  its  flow  as  a  function  of  the 
flow  rate  of  the  second  component  such  that  coefficient  h  of  the 
generator  gas  remains  constant. 

In  the  hybrid  method  of  changing  turbine  power,  the  temperature 
and  flow  of  the  gas  fed  to  the  turbine  are  changed  simultaneously. 

Control  systems  associated  with  coefficient  K.  The  synchro¬ 
nous  tank-emptying  system.  In  §2.4  it  was  shown  that  the  mass  of 
the  residue  of  rocket- vehicle  (rocket-stage)  propellant  components 
should  be  low.  In  the  absence  of  a  special  control  system,  cases 
are  possible  where  a  deviation  of  coefficient  k  from  the  given  value 
causes  an  increased  flow  of  one  of  the  components.  As  a  result, 
one  component  is  completely  expended  before  the  vehicle  reaches  its 
given  velocity  increase  (or  decrease,  during  deceleration),  while 
a  large  amount  of  the  other  component  remains  unused  in  the  other 
tank.  In  order  that  this  not  occur  we  can  fill  the  tanks  with  a 
larger  amount  of  components,  i.e.,  increase  their  guaranteed  residues 
in  the  tanks.  These  increase  with  an  increase  in  the  error  with 
which  coefficient  h  is  maintained,  and  lead  to  a  reduction  of  the 
characteristic  velocity  of  the  vehicle  (stage). 

With  a  deviation  of  coefficient  h  from  its  rated  value  there  *3 
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a  decrease  in  the  total  impulse  of  the  engine  and  the  characteristic 

velocity  of  the  rocket  vehicle  (the  engine  operating  time  for  given 

masses  of  fuel  and  oxidizer  in  the  tanks  is  maximum  with  strictly 

proportional  expenditures  of  propellant  components);  in  addition, 

there  is  a  decrease  in  the  specific  impulse  of  the  engine  -  however, 

this  decrease  is  insignificant  because  of  the  slight  steepness  of 

the  characteristic  curve  I  *  f(x). 

yd 

Two  types  of  control  systems  are  associated  with  coefficient  x: 

1)  the  system  for  maintaining  coefficient  x  constant  (x  «  const); 

2)  the  system  for  synchronous  tank  emptying,  changing  to  some 
extent  the  coefficient  x  in  order  that  the  residual  propellant  com¬ 
ponents  in  the  tanks  be  minimum  at  the  moment  of  engine  shutdown 
(up  to  0 . 1%  of  the  full  amount). 

Figure  14.6  shows  a  diagram  of  a  system  that  assures  the  con- 
The  oxidizer  and  fuel  lines  contain  flow  meters 
1  and  2.  These  can  be  Venturi  tubes  for  which 
the  flow  is  directly  proportional  to  the  pres¬ 
sure  differential  at  the  inlet  and  in  the 
narrowest  section.  Signals  proportional  to  the 
per-second  flows  of  oxidizer  and  fuel  are  fed 
from  flow  meters  1  and  2  to  comparator  3*  In 
this  the  true  value  of  coefficient  x  is  com¬ 
pared  with  the  given  value;  in  the  event  of  a 
mismatch,  a  command  is  given  to  the  electric 
drive  of  throttle  4.  The  electric  drive,  acting 
on  the  throttle,  decreases  or  increases  its 
through  section  and  eliminates  the  deviation  of  coefficient  w  from 
the  calculated  value. 

Figure  14. 7  shows  a  diagram  of  the  synchronous  tank-emptying 
system.  Its  sensors  are  level  ssnsors  placed  in  the  tanks,  capaci¬ 
tance-type  sensors,  to  be  specific;  these  are  two  concentric  pipes 
of  different  metals  (to  assure  temperature  compensation  for  a  change 
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Fl(.  11.6.  Schene  of  IFItB 
with  control  syaten  ae- 
surlns  constant  valua  of 
coefficient  h:  1  -  flew 
■eter  t«  oeUlaer  Meet  2  - 
flew  aeter  la  fuel  lice; 

J  -  ceagaratori  *  -  elec- 
trtc-4rlva  feel  throttle. 
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Pis.  It. 7.  S cheat  of  •  power 
plane  with  tank-nptylng  •»*- 
tmi  1  -  tapttltamcftyyt 
tta'ttt  tor  oxiaittctMk  lmlj 
2  —  etayaratoxt  J  *  eaptel- 
taatt'tyyt  mot  tor  ltwal 
la  faal  taak;  4  -  altcccio* 
drln  fuel  tkrtttlt. 


in  density  of  the  propellant  components).  The 
space  between  the  walls  of  the  inner  and  outer 
pipes  is  determined  by  plastic  spacers. 

The  synchronous  tank-emptying  system 
operates  in  conjunction  with  the  combustion- 
chamber  control  system.  With  a  mismatch  in 
emptying  of  the  tanks  the  synchronous  tank¬ 
emptying  system  comes  into  play,  varying  the 
coefficient  H  and,  consequently,  the  engine 
thrust  to  some  extent.  If  in  this  case  the 
measured  apparent  velocity  of  the  vehicle 
deviates  from  the  programmed  value  for  a 
given  moment  of  time,  the  chamber  control 
system  begins  to  operate,  changing  the  thrust 
appropriately.  In  this  case  the  coefficient 


H  might  change,  necessitating  the  operation  of  the  synchronous  tank¬ 


emptying  system,  and  so  forth. 


Above  we  examined  automatic  systems  for  changing  the  mode  and 
controlling  the  engines.  Aircraft  engines  and  those  of  manned 
space  vehicles  have,  besides  the  automatic  systems,  a  manual  sys¬ 
tem  for  remote  engine  control,  making  it  possible  to  change  the 
engine  operating  mode  by  changing  the  flow  of  propellant  components 
and  coefficient  h,  and  also  to  start  up  and  shut  down  the  engine. 


S14.4.  Systems  for  creating  controlling  forces  and  moments 

During  flight  in  the  atmosphere  a  rocket  vehicle,  analogous  to 
an  airplane,  can  change  its  flight  direction  by  a  deflection  of  the 
aerodynamic  surfaces  (air  vanes)  located  on  its  body;  in  the  rarefied 
layers  of  the  atmosphere  and  in  outer  space  this  change  can  be  made 
only  by  deflections  of  the  reactive  Jet. 


The  system  for  creating  controlling  forces  and  moments  should 
have  low  mass  and  introduce  the  least  complications  into  the  scheme 
for  the  power  plant  and  the  least  reduction  of  its  specific  impulse. 
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To  create  controlling  forces  and  moments  we  can  use  the  fol¬ 
lowing: 

1)  moveable  elements  placed  in  the  flow  of  combustion  products 
exhausting  from  the  chamber  nozzle; 

2)  chambers  or  motors  on  swivel  or  Cardan  suspensions; 

3)  auxiliary  (vernier)  motors; 

4)  turnable  nozzles  on  the  turbine  exhaust  pipe; 

5)  redistribution  of  the  flow  of  turbine  working  substance 
(after  use  in  the  turbine)  through  several  fixed  nozzles  on  the 
turbine  exhaust  pipe; 

6)  injection  of  liquid  or  blow-in  of  gas  into  the  nozzle; 

7)  a  change  in  the  thrust  created  by  various  engines  (for  a 
power  plant  consisting  of  several  engines). 

Moveable  elements  placed  In  the  flow  of  combustion  products  ex¬ 
hausting  from  the  chamber  nozzle.  These  elements  Include  gas  vanes , 
deflectors,  and  trim  tabs  that  can  be  deflected  using  electrical  or 
hydraulic  steering  motors.  These  change  the  direction  of  flow 
(partially  or  completely)  of  the  combustion  products  discharging 
from  the  chamber  nozzle,  thus  creating  controlling  forces  and 
moments.  Gas  vanes,  deflectors,  and  trim  tabs  lower  the  specific 
impulse  of  the  power  plant  since  they  retard  part  of  the  flow  of 
combustion  products,  and  they  have  a  limited  operating  life:  these 
elements  are  washed  by  the  combustion  products  which  have,  at  the 
nozzle  exit,  high  velocity  and  relatively  high  temperature;  there¬ 
fore  they  are  made  of  heat-  and  erosion-resistant  materials  (gra¬ 
phite  and  special  types  of  plastics). 

Gas  vanes  (Pig.  14.8)  reduce  the  velocity  of  part  of  the  flow 
of  combustion  products  not  only  when  in  the  deflecting  position  but 
also  in  the  initial  position  (parallel  to  the  flow);  therefore,  gas 
vanes  are  used  only  rarely  in  modern  rocket  vehicles . 


Fig.  14.8.  Power  plant 
with  gas  vanes:  1  - 
rocket  body;  2  —  cheats 
ootsle:  3  —  gee- vent 
drive  spates;  4  -  ges- 
vaas  turn  sals;  3  -  gas 


Fig.  14.9.  Chanter  with 
cylindrical  deflector:  1  - 
ehaaber  Bottle;  2  —  control 
threat;  3  —  deflector  turn 
aala;  4  -  deflector. 


Fig.  14.10.  Chanber  with 
spherical  deflector:  1  - 
cheater  nettle;  2  -  con¬ 
trol  thrust;  3  -  epherlctl 
tottle  fitting;  4  - 
epherlctl  deflector. 


Deflectors  >  or  swivel  rings,  are  installed  at  the  exit  from 
the  chamber  nozzle  or  the  turbine  exhaust  manifold.  Deflectors  can 
be  cylindrical  (Pig.  14.9)  or  spherical  (Pig.  14.10).  The  cylin¬ 
drical  deflector  can  turn  in  only  one  plane,  while  the  spherical 
deflector  can  turn  in  two  mutually  perpendicular  planes. 


A  more  complex,  but  more  economical,  system  involves  the  use 
of  trim  tabs,  or  telescoping  panels,  which  move  into  the  flow  of 
the  combustion  products  only  when  it  becomes  necessary  to  create 
controlling  forces  or  moments. 


Deflectable  chambers  and  motors.  The  entire  chamber  or  motor 
can  be  mounted  on  swivel  or  Cardan  suspensions  and  deflected  by  a 
certain  angle  (usually  not  more  than  10°)  from  the  standard  posi¬ 
tion.  The  swivel  suspension  permits  deflection  of  the  chamber  or 
motor  in  some  one  plane.  If  the  power  plant  (engine)  consists  of 
four  swivel-mounted  engines  (chambers),  the  swivels  can  be  attached 
to  a  common  frame;  here  the  axes  of  the  suspensions  intersect  in 
the  center  (Pig.  14.11).  Such  installation  of  the  engines  (cham¬ 
bers)  makes  it  possible  to  create  forces  and  moments  for  control¬ 
ling  the  roll,  pitch,  and  yaw  of  a  rocket  vehicle;  e.g.,  to  control 
roll,  all  four  engines  (chambers)  should  be  turned  in  one  direction 
around  the  circle. 


A  more  effective,  but  more  complex,  system  is  Cardan  suspen¬ 
sion  of  the  chamber  (or  engine)  (Pig.  14.12),  in  which  the  chamber 
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Pig,  14.11.  Cltgris  of  ths  positioning  of  th« 

cbiabon  of  *  four- chamber  tnglnt,  with'  .  Pig.  14.12.  Dlagrtn 
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can  be  deflected  simultaneously  in  two  mutually  perpendicular  planes;  i 

here  the  longitudinal  axis  of  the  chamber  can  occupy  any  position  J 

| 

within  a  certain  cone.  f 

} 

| 

With  Cardan  suspension  of  one  engine,  forces  can  be  created 
for  controlling  the  pitch  and  yaw  of  a  vehicle.  Roll  is  controlled 
by  a  separate  system,  e.g.,  a  cold-gas  rocket  engine  having  several 
nozzles;  these  are  located  in  a  plane  perpendicular  to  the  longi¬ 
tudinal  axis  of  the  vehicle,  and  can  create  a  turning  moment. 

If  two  engines  of  the  power  plant  are  mounted  in  the  Cardan 
suspension,  their  deflection  creates  forces  for  controlling  the 
roll,  pitch,  and  yaw  of  the  vehicle. 

Average-  and  large-sized  engines  are  deflected  using  hydraulic 
steering  motors,  small  and  light,  using  as  the  energy  source  the 
system  for  feeding  the  primary  propellant  components;  most  often, 
for  this  purpose,  part  of  the  flow  of  fuel  at  the  exit  from  the  TPA 
pump  is  tapped.  The  engine  deflection  system  can  operate  from  an 
independent  TPA.  Small  engines  can  be  deflected  by  steering  motors 
operating  from  an  individual  electric  pump,  or  by  electric  steering  ! 

motors .  1 

I 

Swivel  and  Cardan  suspension  of  LPRE's  assures  a  simple  scheme  j 

and  design,  and  reduces  the  specific  impulse  only  slightly  (due  only  j 

to  deflection  of  the  engine).  j 


S' 
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However,  for  deflection  of  chambers  or  the  engine  as  a  whole, 
great  power  is  needed.  Some  difficulty  is  also  involved  in  feeding 
the  propellant  components  to  the  deflectable  chambers  and  engines. 


View  A 


Steering  motors.  The  main  motors  can  be  rigidly  attached,  pro¬ 
vided  that  the  power  plant  has  auxiliary  motors,  usually  placed 
symmetrically  outside  the  tail  section  of  the  vehicle  on  swivel  or 

Cardan  suspensions  (Fig.  14.13).  Such 
motors  (called  steering,  controlling,  or 
vernier)  can  be  deflected  by  a  certain 
angle  and  thus  create  forces  and  moments 
lor  controlling  the  roll,  pitch,  and  yaw 
of  the  rocket  vehicle. 


M*.  14.13.  Power  plant  with  verniers: 
!■—  etretfyaeslc  eowllngt  1  -  vernier: 

1  -  vernier  swivel  laspeaslea. 


The  steering  motors  can  operate  con¬ 
tinuously  or  in  a  pulsed  mode;  for  their 
operation  it  is  most  expedient  to  tap 
off  some  of  the  flow  of  main  propellant  components  at  the  exit  from 
the  TPA  pumps  of  the  primary  engines.  Such  a  scheme  is  used,  in 
particular,  in  the  power  plants  of  the  first  and  second  stages  of 
the  Vostok  booster.  However,  steering  motors  can  also  operate  from 
the  TPA  itself. 


Steering  motors  complicate  the  scheme  and  design  of  the  power 
plant,  reducing  its  reliability  to  some  extent.  There  is  an  in¬ 
significant  decrease  in  the  specific  impulse  of  the  power  plant 
when  steering  motors  are  used. 

For  example,  the  steering  motors  of  the  first  and  second  stages 
of  the  Vostok  booster  reduce  the  specific  impulse  of  the  power  plant 
by  1  N*s/kg  [si  kgf*s/kg]. 

Turnable  nozzles.  Controlling  forces  and  moments  can  also  be 
created  by  steerable  nozzles  operating  on  the  gaseous  working  sub¬ 
stance  of  the  TPA  turbine  (in  an  LPRE  with  discharge  of  the  working 
substance,  after  operation  in  the  turbine,  into  the  ambient  medium). 
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In  this  case  the  chamber  and  the  engine  as  a  whole  are  rigidly 
installed  in  the  rocket  vehicle.  The  following  variants  of  such 
nozzles  are  possible: 

1.  Exhaust  pipes,  terminating  in  fixed  nozzles  (see  Fig.  2.15), 
are  connected  to  the  turbine  exhaust  manifold;  there  are  two  pitch 
nozzles,  two  yaw  nozzles,  and  two  pairs  of  roll  nozzles.  The  lines 
for  each  pair  of  nozzles  contain  atn  electrically-driven  gas  distri¬ 
butor.  Controlling  forces  are  created  by  redistribution  of  the  gas 
flow,  between  like  nozzles . 

2.  One  or  two  exhaust  pipes  of  the  turbine  terminate  in  a 
nozzle  which  is  swivel-  or  Cardan-suspended  from  the  pipe. 

injection  of  liquid  or  blow-ln  of  gas.  To  create  comparatively 
low  controlling  forces  and  moments  it  is  possible  to  introduce  a 
working  substance  (inject  a  liquid  or  blow  in  a  gas)  into  the  ex¬ 
panding  part  of  the  nozzle  through  openings  (nozzles)  located  in 

the  wall  of  the  nozzle,  equidistant  in  a  circle 
in  any  cross  section  (Fig.  14.14).  There  can 
be  from  4  to  24  and  more  nozzles,  i.e.,  there 
are  one  or  several  nozzles  in  each  quadrant  of 
the  nozzle  section.  Four  nozzles  are  sufficient 
to  create  lateral  forces  for  pitch  and  yaw  con¬ 
trol.  The  nozzles  of  each  quadrant  begin  to 
operate  after  the  valve,  located  in  the  line 
feeding  the  liquid  or  gas,  has  opened. 

When  introducing  the  working  substance  through  the  nozzle,  the 
gas  or  liquid  vapors  penetrate  the  flow  of  combustion  products.  An 
oblique  shock  front  is  created  at  the  point  of  introduction  of  the 
working  substan-e.  This  results  In  the  occurrence  of  r.  lateral 
force  directed  toward  the  nozzle  through  which  the  substance  is 
introduced. 

The  lateral  force  depends  not  only  on  the  flow  of  introduced 
substance,  but  also  on  the  slope  of  the  nozzles  to  the  axis  of  the 


Fig.  I*. 14.  Chzabzr  with 
four  nozzlea  for  Intro¬ 
ducing  th«  controlling 
working  fluid  to  the  mzln 
nozzle. 


chamber  nozzle,  and  also  on  the  number  of  nozzles  and  the  area  and 
shape  of  their  cross  sections.  This  angle  can  be  anywhere  from  90° 
to  ^5° ;  if  ^5° ,  the  working  substance  is  introduced  counter  to  the 
flow  of  combustion  products,  and  greater  lateral  force  is  created. 

Round  nozzles  are  more  efficient  than  slotted  nozzles.  An  in¬ 
crease  in  the  number  of  nozzles  complicates  the  design  of  the  system, 
but  a  lesser  flow  of  working  substance  is  required  to  create  an  iden¬ 
tical  lateral  force. 

« 

The  lateral  force  that  occurs  also  depends  on  the  composition 
of  the  working  substance  introduced  and  on  the  basic  combustion 
products. 

To  decrease  the  amount  of  heat  removed  from  the  flow  of  combus¬ 
tion  products  by  the  liquid  working  substance,  its  heat  capacity, 
boiling  point,  and  vaporization  point  should  be  low. 

Of  the  gas  blow-in  systems  the  most  efficient,  from  the  stand¬ 
point  of  creating  lateral  forces,  simplicity  of  engine  scheme,  and 
lowering  of  engine  mass,  is  the  system  for  bypassing  the  combustion 
products  from  the  combustion  chamber  or  the  convergent  part  of  the 
nozzle  to  its  expanding  part;  however,  this  is  not  used  because  of 
the  difficulty  of  obtaining  refractory  materials,  particularly  for 
the  regulators. 

Systems  with  the  introduction  of  working  substance  into  the 
nozzle,  as  noted  above,  can  create  relatively  low  controlling  forces 
sind  moments. 

However,  these  systems  are  also  advantageous  forlhe  following 
reasons : 

a)  an  increase  in  engine  thrust  because  of  the  introduction  of 
additional  working  substance  into  the  main  flow  of  combustion  pro¬ 
ducts; 
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b)  high  reliability j 

c)  short  lag  time. 

Mismatch  of  the  thrust  of  the  engines  making  up  the  power  plant. 
If  we  change  the  thrust  of  diametrically  opposed  engines  in  a  power 
plant,  we  can  create  a  controlling  moment  relative  to  the  center  of 
mass  of  the  rocket  vehicle  and  turn  it  in  the  pitch  and  yaw  planes, 
even  though  the  engines  are  rigidly  attached.  Such  a  system  is  re¬ 
latively  simple  and  causes  only  slight  losses  of  specific  impulse 
of  the  power  plant  (caused  only  by  a  departure  of  the  engines' 
operating  regime  from  the  rated  mode). 

§14.5.  Systems  for  LPRE  shutdown 

The  system  for  LPRE  shutdown  should  assure  the  following: 

a)  most  complete  depletion  of  the  propellant  components; 

b)  low  aftereffect  pulse; 

c)  smooth  cut-in; 

d)  the  possibility  of  using  the  engine  (after  its  bench  test); 

e)  the  required  sequence  of  switching  off  the  engines  in  a 
power  plant  consisting  of  several  engines; 

f)  emergency  shutdown  of  the  engine,  allowing  for  the  possi¬ 
bility,  in  a  number  of  cases,  for  its  further  use; 

g)  multiple  shutdown  (for  LPRE's  with  multiple  burn). 

It  is  very  complex  to  assure  simultaneous  complete  depletion 
of  both  propellant  components.  Therefore,  a  sequence  of  engine 
shutdown  is  used  in  which  one  of  the  components,  usually  the  oxi¬ 
dizer,  is  totally  depleted,  i.e.,  the  engine  is  shut  down  with  ex¬ 
cess  fuel  on  a  signal  that  the  oxidizer  has  been  totally  depleted; 
the  signal  is  given  by  the  signaller  with  a  reduction  is  pressure 
at  the  exit  from  the  oxidizer  pump  or  by  a  residue  sensor  located 
in  the  tank. 


Certain  engines  (e.g.,  LPRE's  for  anti-aircraft  guided  missiles 
and  certain  meteorological  rockets)  operate  up  to  total  depletion  of 
components  from  the  tanks,  and  require  no  shutdown  system. 

With  an  increase  in  aftereffect  pulse  there  is  an  increase  in 
the  absolute  value  of  its  scatter,  which  increases  the  error  in  the 
resultant  terminal  velocity  of  the  vehicle  and,  consequently,  an 
error  in  its  landing  on  target,  inserting  a  satellite  into  orbit,  etc. 

‘The  aftereffect  pulse  of  an  LPRE  is  decreased  by: 

a)  switching  the  engine  to  its  final  stage  of  operation  before 
its  shutdown; 

b)  installing  cutoff  valves  as  close  as  possible  to  the  cavi¬ 
ties  of  the  chamber  injector  head,  and  their  rapid  triggering: 

c)  draining  the  propellant  components  from  the  cavities  behind 
the  cutoff  valves  into  the  ambient  edium; 

d)  installing  an  insert  in  the  chamber  head. 

The  aftereffect  pulse  with  engine  shutdown  through  the  terminal 
stage  is  substantially  less  than  with  shutdown  directly  from  the 
rated  mode  (see  Pig.  1.9).  If  the  power  plant  Includes  steering 
motors,  the  aftereffect  pulse  is  decreased  considerably  if  the 
primary  engines  are  shut  down  first  as  the  vehicle  approaches  its 
given  velocity,  and  then  the  steering  motors  are  turned  off. 

Tne  cutoff  valves  in  the  chamber  feed  lines  are  installed  such 
that  the  volume  of  propellant  components  from  the  valves  to  the 
chamber  injectors  is  as  small  as  possible.  If  the  chamber  has  no 
cooling  loop  (i.e.,  in  pulse  LPRE’s),  the  cutoff  valves  are  located 
on  or  inside  the  head. 

In  a  chamber  with  a  cooling  loop  the  cutoff  valve  can  also  be 
positioned  immediately  in  front  of  the  head  and  in  the  line  for  the 
propellant  component  flowing  through  the  loop  (Pig.  14.15)* 
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The  propellant  components  are  bled  from  the 
lines  behind  the  cutoff  valves  into  the  ambient 
medium  with  opening  of  the  drain  valves  located 
in  these  lines,  which  substantially  reduces  the 
quantity  of  components  entering  the  chamber  after 
the  cutoff  valves  have  been  closed.  An  insert 
in  the  chamber  head  also  reduces  the  quantity  of 
one  of  the  propellant  components  entering  the 
chamber  during  engine  shutdown;  to  reduce  the  chamber  mass,  the  in¬ 
sert  is  made  of  a  low-density  material.  . 

The  smoothness  of  engine  shutdown  depends  on  the  sequence  of 
closings  of  the  cutoff  valves.  The  command  for  their  closing  can 
be  given  simultaneously,  or  at  different  times.  The  time  for  engine 
shutdown,  i.e.,  a  drop  in  thrust,  is  usually  short  (no  more  than 
2-3  seconds);  it  is  determined  by  the  cutoff- valve  closing  time. 

If  this  time  is  short,  the  aftereffect  pulse  is  also  small;  however, 
a  very  abrupt  closing  of  the  cutoff  valves  is  not- permissible,  since 
it  leads  to  hydraulic  shocks  in  the  engine  lines,  resulting  in  their 
destruction. 

The  main  or  cutoff  valves,  during  engine  shutdown,  should  Ke 
air-tight  against  their  seats  after  closing.  Otherwise,  the  pro¬ 
pellant  components  leak  through  the  valve,  which  can  cause  the 
chamber  to  explode. 

The  fuel  cavities  of  the  chamber  and  the  gasifier  of  oxygen 
LPRE’s  are  purged,  during  their  shutdown,  with  an  inert  gas  (nitro¬ 
gen  or  helium)  to  prevent  the  hot  combustion  products  from  getting 
into  the  fuel  injectors  and  melting  them.  Such  purging  is  particu¬ 
larly  necessary  for  LPRE’s  with  multiple  burn;  if  there  is  no 
purging,  the  fuel  can  remain  in  the  fuel  cavity  of  the  chamber  and 
gasifier  and,  with  repeated  start-up,  lead  to  explosion  of  the 
chamber  or  to  intolerable  overshoots  of  temperature  in  the  gasifier; 
these  are  particularly  dangerous  for  LPRE’s  with  afterburning  of  the 
generator  gas  (the  TPA  turbine  blades  can  be  damaged). 


I 


Fig.  14.15.  Chaabtr  with 
valve  Installed  In  line 
between  cooling  locp  and 
head. 
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The  purging  system  should  be  arranged  so  that  the  quantity  of 
fuel  displaced  by  the  purging  gas  into  the  chamber  and  gasifier 
after  engine  shutdown  is  small. 

When  shutting  aown  LPRE's  with  pump  feed,  there  should  be,  in 
addition  to  the  command  to  close  the  cutoff  valves  in  the  chamber 
feed  lines,  a  command  to  close  the  cutoff  valves  in  the  gasifier 
feed  lines.  In  certain  cases  there  must  be,  in  addition,  opening 
of  the  valve  that  bypasses  the  generator  gas  to  the  turbine  bypass. 

The  following  types  of  engine  shutdown  are  distinguished: 

a)  normal  and  emergency; 

b)  manual  and  automatic. 

Normal  engine  shutdown  is  provided  by  a  programmed  control 
system.  The  engine  of  the  last  stage  of  a  ballistic  or  space  missile 
is  shut  down  after  the  missile  reaches  a  given  velocity;  the  retro 
engine  of  a  space  vehicle  is  shut  down  after  its  velocity  has  dropped 
to  a  given  value. 

Emergency  engine  shutdown  (EES)  occurs  when  some  abnormality  is 
observed  during  its  start-up.  The  engine  includes  a  special  system 
for  detecting  an  emergency  situation.  Its  sensors  measure  parameters 
which,  when  they  deviate  from  their  norms  or  from  the  programmed 
values,  are  taken  as  an  emergency  situation:  flight  altitude  and 
velocity  of  a  rocket  vehicle;  roll,  pitch,  and  yaw  angles;  vibration 
acceleration  of  the  chamber  or  pulsations  in  the  engine  lines;  TP  A 
shaft  rpm;  etc. 

The  EES  system  makes  it  possible  to  save  the  engine  by  shutting 
it  down  before  the  appearance  of  destructive  vibrations,  pulsations, 
etc.  For  example,  the  vibrational-acceleration  sensor,  located  in 
the  chamber  head,  can  send  a  shutdown  signal  when  the  head  vibrates 
sharply.  In  this  case,  the  engine,  during  a  bench  test  or  as  part 
of  the  power  plant  of  the  first  stage  of  a  multistage  rocket,  can  be 
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saved  before  it  begins  to  move,  and  it  can  be  reused,  if  we  can 
determine  the  reasons  for  the  increased  chamber  vibrations. 

Manual  shutdown  can  be  done,  during  engine  bench  tests,  by  the 
operator  running  the  test;  for  the  engine  of  a  space  vehicle  it  can 
be  done  by  a  crew  member. 

However,  both  normal  and  emergency  engine  shutdown  is  most  often 
done  automatically. 

As  an  example  we  have  the  EES  system  which  uses  a  time  relay 
and  a  sensor  for  the  chamber  pressure;  if  by  a  given  time  the  engine 
has  not  entered  the  required  operating  mode  (in  particular,  pres¬ 
sure  p  has  not  reached  its  given  value),  the  time  relay  gives  the 
command  for  engine  shutdown. 

The  EES  system  should  have  very  high  reliability;  in  particu¬ 
lar,  there  should  be  no  possibility  for  shutting  down  a  normally 
starting  or  normally  operating  engine. 
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